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Capítulo 12 



Note: to obtain the numerical results given in this chapter, the following numerical values 
of certain physical quantities have been used; 


G = 6.673 x KT 11 N • m 2 /kg 2 , g = 9.80 m/s 2 and m E = 5.97 x 10 24 kg. 


Use of other tabulated values for these quantities may result in an answer that differs in 
the third significant figure. 

12 . 1 : The ratio will be the product of the ratio of the mass of the sun to the mass of the 

earth and the square of the ratio of the earth-moon radius to the sun-moon radius. Using 
the earth-sun radius as an average for the sun-moon radius, the ratio of the forces is 


f 3.84 xlO 8 111 / 

2 

^1.99x10 30 kg^ 

v 1.50xl0 n m y 


^5.97xlO 24 kgJ 


12 . 2 : Use ofEq. (12.1) gives 


F =G ühülA 


= (6.673x1o 11 N-irr/kg 2 ) ( 5 ' 97xl ° kg)(2150kg) = 1.67x10 4 N. 

6 r A (7.8xl0 5 m + 6.38xl0 6 m) 2 

The ratio of this force to the satellite’s weight at the surface of the earth is 

- ( L67xl ° N) „ = 0.79 = 79%. 

(2150kg)(9.80m/s 2 ) 

(This numerical result requires keeping one extra significant figure in the intermediate 
calculation.) The ratio, which is independent of the satellite mass, can be obtained 
directly as 

' 2 Gm c 


Gm x mj r 
mg 


f R V 


2 

r g 


V r ) 


yielding the same result. 


12 . 3 : 


c (/;/», )(nm 2 ) _ c m.nu _ 
(nr i 2 ) 2 fi 2 


12 . 4 : The separation of the centers of the spheres is 2 R, so the magnitude of the 

gravitational attraction is GM 2 /(2R) 2 = GM 1 /AR 2 . 



12 . 5 : a) Denoting the earth-sun separation as R and the distance from the earth as x, 

the distance for which the forces balance is obtained from 

GM s m GM E m 
( R-xf ~ x 2 ’ 

which is solved for 


x = 


R 


1 + 


M, 


2.59 xlO 8 m. 


b) The ship could not be at equilibrium for long, in that the point where the forces 
balance is moving in a circle, and to move in that circle requires some force. The 
spaceship could continue toward the sun with a good navigator on board. 


12 . 6 : a) Taking force components to be positive to the right, use of Eq. (12.1) twice 

gives 


F g = (6.673 x 10 11 N ■ m 2 /kg 2 )(0. 100kg) 


(5,00 kg) | (l 0.0 kg) 
(0.400 m ) 2 (0.600 m ) 2 J 


= -2.32xlO~ n N 

with the minus sign indicating a net force to the left. 


b) No, the force found in part (a) is the net force due to the other two spheres. 


12 . 7 : 


(6.673 x ÍO^ 11 N. m7kg 2 ) ^ 70 ^ g ^ 7 ' 35 ^ 1( !, kg ^ = 2.4 x 10' 3 N. 
V ’ (3.78xl0 8 m) 2 



12.9: Denote the earth-sun separation as r, and the earth-moon separation as r 2 . 


a) 


{Gm M ) 


Oi + r i ) 2 



6.30x10 2 °N, 


toward the sun. b)The earth-moon distance is sufficiently small compared to the earth- 
sun distance (r 2 « ri) that the vector ffom the earth to the moon can be taken to be 
perpendicular to the vector ffom the sun to the moon. The components of the 
gravitational force are then 


— M ™ s =4.34x10 2Q 


N, 


Gm M m E 


1.99x10 20 N, 


and so the force has magnitude 4.77 xl0 20 N and is directed 24.6° ífom the direction 
toward the sun. 


c) 

toward the sun. 


(Gm u ) 


( r i - r 2 


) 2 



2.37 x 10 20 N, 


12 . 10 : 



_ 0 Gm A m B cos 45° Gm A m D 

— ^ 2 ' 2 

r A _ B ^AD 

2(6.67 x 1Q- 11 Nm 2 /kg 2 )(800 kg) 2 cos 45° 
(0.10 m) 2 

(6.67xlQ~ u Nm 2 /kg 2 )(800kg) 2 
+ (O.IOm) 2 

= 8.2 x 10 N, toward the center of the square 



12 . 11 : 



m l = m 2 = m 3 = 500 kg 
r n =0.10 m; r 23 - 0.40 m 

F l =G^^ = l .668x10 3 N 

r !2 

F 3 =G^v 1 = l.043x10 4 N 

r 23 

F = F l -F 3 = 1.6 X10 3 N, to the left 


12 . 12 : The direction of the force will be toward the larger mass, and the magnitude 
will be 

Gm 2 m Gm x m _4Gm(m 2 -m l ) 
õ d/2 f ~ (d/2) 2 ~ d 2 ' 


12 . 13 : For convenience of calculation, recognize that the mass of the small sphere will 

cancel. The acceleration is then 


2G(0.260kg) 6,0 

(10.0 x 10“ 2 m ) 2 X 10.0 


2.1xl0~ 9 m/s 2 , 


directed down. 


12 . 14 : Equation (12.4) gives 


(6.763x10 1 

'N-mYkr) 

(l.5xl0 22 kg) 

1 

1.15xl0 6 m) 

2 


0.757 m/s 2 . 



12 . 15 : To decrease the acceleration due to gravity by one-tenth, the distance fforn the 
earth must be increased by a factor of VÍÕ, and so the distance above the surface of the 
earth is 


(VTÕ —i)r e = 1.38xl0 7 m. 
12 . 16 : a) Using g E = 9.80m/s 2 ,Eq(l2.4) gives 



= (9.80 m/s 2 )(.905) 

= 8.87 m/s 2 , 

where the subscripts v refer to the quantities pertinent to Venus. b) (8.87m/s 2 ) (5.00 kg) 
= 44.3N. 

12 . 17 : a) See Exercise 12.16; 

( /of A 

§ Titania = (9.80m/ S 2 ) = 0.369m/ S 2 . 

b )77 = T7-f * or rearranging and solving for density, p T = = 

(5500 kg/m 3 ) (-j^) = 1656 kg/m 3 , or about 0.39/?E. 


12 . 18 : M = = 2.44x10 21 kg and p = = 1.30xlO 3 Kg/m 3 . 



12 . 19 : F = G 

r 

r = 600 x 10 3 m + R E so F 


610 N 


At the surface of the earth, w = mg = 735 N. 

The gravity force is not zero in orbit. The satellite and the astro naut ha ve the same 
acceleration so the astronaufs apparent weight is zero. 


12 . 20 : Get g on the nêutron star 


GmM n 

m §n S = —^ 

* i 

ons 


Your weight would be 


mGM n 
w „s = m ê,s = —^r 1 


675N 
9.8 m/s" 


(6.67 x 10“ Nnr/kg 2 )(1.99 x 10 3U kg) 


30 


(10 4 m) 2 


= 9.1x 10 N 


12 . 21 : From eq. (12.1), G = Fr 2 ,andffomEq. (12.4), g 
and solving for R E , 


m 


E 


W» 2 R E 

Fr 2 


5.98x10 24 kg. 


Gm i: /R e ; combining 



12 . 22 : a) From Example 12.4 the mass of the lander is 4000 kg. Assuming Phobos to 
be spherical, its mass in ternis of its density p and radius R is (4 ti/ 3)/;/2’, and so the 
gravitational force is 


G(4tt 3)(4000 kg) pR = G(4;r /3) ( 4 000kg ) ( 2000kg/m 3 )(12xl0 3 m) = 27 N. 

R 

b) The force calculated in part (a) is much less than the force exerted by Mars in Example 
12.4. 

12.23 : pGM/R = ^2(6.673x10 11 N -m 2 /kg 2 )(3.6xl0 12 kg)/(700m) 

- 0.83 m/s. 

One could certainly walk that fast. 

12 . 24 : a) F = Gm E mjr 2 and|t/| = Gm E m/r, so the altitude abo ve the surface of the 

earth is ^-R E = 9.36xl0 5 m. b) Either of Eq. (12.1)orEq. (12.9) can be used with the 
result of part (a) to fmd m, or noting that U 2 = G 2 M E 2 m 2 /r 2 , m = U 2 /FGM e 
= 2.55 x 10 3 kg. 

12 . 25 : The escape speed, ffomthe results of Example 12.5, is ^2GM / R. 

a) ^2(6.673x 10 11 N• m 2 /kg 2 )(6.42x 10 23 kg)/(3.40x 10 6 m) = 5.02x 10 3 m/s. 

b) ^2(6.673 x 10 -11 N • m 2 /kg 2 )(1.90x 10 27 kg)/(6.91 x 10 7 m) = 6.06x 10 4 m/s. 

c) Both the kinetic energy and the gravitational potential energy are proportional to 
the mass. 



12 . 26 : a) The ldnetic energy is K = \mv 2 , or K = 1(629 kg)(3.33 x 10 3 m/s) 2 , 
or KE = 3.49 x 10 9 J. 


b)U = - 


GM m (6.673x IO " 11 N • m 2 /kg 2 )(5.97 x 10 24 kg)(629 kg) 
r 2.87xl0 9 m 


or (7 = -8.73x10" J. 


12 . 27 : a) Eliminating the orbit radius r between Equations (12.12) and (12.14) gives 
2nGm E 2^6.673 x IO " 11 N-m 2 /kg 2 )(5.97xl0 24 kg) 


(6200 m/s ) 3 


= 1.05x10 4 s = 175 min. 


= 3.71 m/s 2 . 


12 . 28 : Substitution into Eq. (12.14) gives T = 6.96 xlO 3 s, or 116 minutes. 


12 . 29 : Using Eq. (12.12), 


6.673x10-“ N-m 2 /kg 2 |5.97xl0 24 kg) _ ., .. 3 , 

v = - r - 7 - - - 7 —\^ = 7.46x10 m/s. 

V (6.38xlO 6 m + 7.80xlO 5 m) 




12 . 30 : Applying Newtorfs second law to the Earth 


Z F = ma; 


Gm E m s 


= nu 


rv . 2 w 

m =- and v =- 


m = 


G 

Wf 


1 Earth 


4 7f r 3 

~gtT 


4^(1.50x10“ m) 3 


(6.67 x 10 11 Nm 2 /kg 2 ) [(365.3 í/)( 
= 2.01 x IO 30 kg 


8.64x10 5 


12 . 31 : Y.F = ma c for the baseball. 

The net force is the gravity force exerted on the baseball by Deimos, so 


G >nm D 


= m - 


K R d 


v = V Gm D /R D = 7(6.6 7 xl0~“ N ■ m 2 /kg 2 )(2.0 x 10 15 kg)/(6.0x 10 3 m) = 4.7m/s 
A world-class sprinter runs 100 m in 10 s so have v = 10 m/s; v = 4.7 m/s for a thrown 
baseball is very achieveable. 



12 . 32 : Apply Newton’s second law to Vulcan. 

,2 


Y.F = ma : 
2w 


Gmm v~ 

- I —— = m„ 


v = ■ 


Gm c 


T 

2 7zr 


T = 


4 ir 2 r 3 
Gm, 


4 n~ 


(5.79xl0 10 m) 


1 (6.67 x 10 Nm /kg )(1.99 x 10 3ü kg) 

í 1 J \ 


= 4.14x 10 s 


ld 


86,400 s 


= 47.9 days 


12 . 33 : a) 

v = y[Gm/r 

= V(6.673 x 10 11 N ■ nr/kg 2 )(0.85 x 1.99 x 10 3 °kg)/((1.50x 10 n m)(0.11)) 
= 8.27x10 4 m/s. 

b) 2y7r/v = 1.25 x 10 6 s (about two weeks). 


12 . 34 : From either Eq. (12.14) orEq. (12.19), 

47? r 3 4^(1.08xl0 n m) 3 

ffl = - = ----- 

s GT 2 (6.673 x 10 11 N ■ m 2 /kg 2 ) ((224.7 d)(8.64x 10 4 s/d)) 2 

= 1.98xl0 30 kg. 


12 . 35 : a) The result follows directly fromFig. 12.18. b) (l-0.248)(5.92xl0 l2 m) 
= 4.45xlO 12 m, (1 + 0.010)(4.50x 10 12 m) = 4.55x 10 12 m. c)r = 248y. 




12.37: a) For a circular orbit, Eq. (12.12) predicts a speed of 

- 56 km/s. 

The speed doesirt have this value, so the orbit is not circular, b) The escape speed for any 
object at this radius is V2 (56 km/s) = 79km/s , so the spacecraft must be in a closed 
elliptical orbit. 




12.38: a) Divide the rod into differential masses dm at position /, measured from the 

right end of the rod. Then , dm = dl (M/Z), and 


Integrating, 


, r r Grn dm GmM dl 

dU= -=-. 

/ + x L l + x 


GmM ri dl 
L wl + x 


GmM 

L 


ln 


1 + 


c 

X , 


For x » L, the natural logarithm is ~ (Z/x ), and U —> -GmM/x. b) The x-component 
of the gravitational force on the sphere is 

F _ óU _ GmM (-LÍx 1 ) _ GmM 

ôx L (1 + (Z/x)) (x 2 + Zx) ’ 


with the minus sign indicating an attractive force. As x » L, the denominator in the 


above expression approaches x", and F x —> GmM/'x 1 , as expected. The derivative may 
also be taken by expressing 


ln 


Í,A) 

V xj 


ln(x + Z) - lnx 


at the cost of a little more algebra. 



12.39: a) Refer to the derivation ofEq. (12.26) and Fig. (12.22). Inthis case, the red 
ring in Fig. (12.22) has mass Mand the common distance s is y/x 2 + a 2 . Then, 

U = -GMm/\lx 2 + a 2 . b) When x » a, the term in the square root approaches x 
and U —> -GMm/x , as expected. 


ÔU _ GMmx 
òx (x 2 +fl 2 ) 3/2, ’ 


with the minus sign indicating an attractive force, d) when x » a, the term inside the 
parentheses in the above expression approaches x 2 and F —» -GMmx/(x 1 ) 32 

= -GMm/ x 1 , as expected. e) The result of part (a) indicates that U = — ^Mm w ^ en 

a 

x = 0. This makes sense because the mass at the center is a constant distance a fforn the 
mass in the ring. The result of part (c) indicates that F x = 0 when x = 0. At the center of 
the ring, all mass elements that comprise the ring attract the particle toward the respective 
parts of the ring, and the net force is zero. 


12.40: At the equator, the gravitational field and the radial acceleration are parallel, 
and taking the magnitude ofthe weight as given in Eq. (12.30) gives 


w = mg 0 - ma riá . 


The difference between the measured weight and the force of gravitational attraction is 
the term ma má . The mass m is found by solving the first relation for m, m = g ^° a . Then, 

a md W 

ma md = w -= 7 — -x—-. 

go-^rad UoMad )- 1 

Using either g 0 = 9.80 m/s 2 or calculating g 0 lforn Eq. (12.4) gives ma rad = 2.40 N. 


12.41: a) Gm^m/R 2 = (l 0.7 m/s^)(5.00kg) = 53.5 N, or 54 N to two figures. 


b) m(g 0 a md )= (5.00 kg) 10.7 m/s 


4^- 2 (2.5x10 7 m) " 
[(l6h)(3600s/h)] 2 y 


52.0 N. 


v 



12.42: a) 


GMm _ (r s c 2 / 2 ) _ mc 2 R s 
r 2 ~ r 2 ~ 2 r 2 


b) 


(5.00 kg)(3.00 x 10 8 m/s) 2 

(l.4xl0" 2 m) 

21 

Í3.00xlO 6 m 

s 2 


350N. 


c) Solving Eq. (12.32) for M, 


M 


R s c 2 

2 G 


(l 4.00x10 3 m )(3.00xl0 8 m/s)" 
2(6.673x10 11 N-nr/kg 2 ) 


9.44x10 24 kg. 


12.43: a) FromEq. (12.12), 

m _Rv^_ (7.5 ly)(9.461 x 10 15 m/ly)(200 x 10 3 m/s) 2 
G ~ (6.673x10 11 N-m 2 /kg 2 ) 

= 4.3xl0 37 kg = 2.1xl0 7 M s . 

b) It would seem not. 


c) 


which does fit. 


*s = 


2GM 


2 v 2 R 


6.32 xlO 10 m, 


12.44: Using the mass of the sun for M in Eq. (12.32) gives 

R zló^xlO-^N-mVkg^tl^xK^kg) 295km 
(3.00x 10 s m/s) 


That is, Eq. (12.32) may be rewritten 




2Gm„ 


f M A 


V J 


= 2.95 kmx 


f M A 


V W sun J 


Using 3.0 km instead of 2.95 km is accurate to 1.7%. 



12.45: 


Rs 2(6.67xlQ- 11 Nm 2 /kg 2 )(5.97xl0 24 kg) 11;;1Q . 
Re (3 x 10 8 m/s) 2 (ó.3 8 x 10 6 m) 


12.46: a) From symmetry, the net gravitational force will be in the direction 

45 0 from the + x -axis (bisecting the x and y axes), with magnitude 


(6.673 x 10" 11 N ■ m 2 /kg 2 )(0.0150 kg) 


(2 '° kg \ + 2 (LQkg \ sin 45 c 
(2(0.50 m) 2 ) (0.50 m) 2 


= 9.67x10 12 N. 


b) The initial displacement is so large that the initial potential may be taken to be zero. 
From the work-energy theorem, 


— rnv 2 
2 


(2.0 kg) ( 2 (1.0 kg) 
V2 (0.50 m) (0.50 m) 


Canceling the factor of m and solving for v, and using the numerical values gives 
v = 3.02 xl0~ 5 m/s. 


12.47: The geometry of the 3-4-5 triangle is available to simplify some of the algebra, 
The components of the gravitational force are 


(6.673 x 10~ n N • m 2 /kg 2 )(0.500 kg)(80.0 kg) 3 
(5.000 m) 2 5 


= 6.406x10 11 N 


F x = -(6.673 x1o -11 


N • m 2 /kg 2 )(0.500kg) 


(60.0 kg) 
(4.000 m) 2 


t (80.0 kg) 4 
(5.000 m) 2 5 


=-2.105x IO" 10 N, 

so the magnitude is 2.20 x 10~ 10 N and the direction of the net gravitational force is 
163 0 counterclockwise from the + x - axis. b) A at x = 0, y = 1.39 m. 



12.48: a) The direction from the origin to the point midway between the two large 

masses is arctan = 26.6°, which is not the angle(14.6°) found in the example. 


b) The common lever arm is 0.100 m, and the force on the upper mass is at an angle of 
45° from the lever arm. The net torque is 


(6.673 x IO -11 


N • m 2 /kg 2 )(0.0100 kg)(0.500 kg) 


(0.100 m)sin 45° 
2 (0.200 m) 2 


= -5.39 x 1CT 13 N • m, 


(O.lOOm) 
(0.200 m) 2 


with the minus sign indicating a clockwise torque. c) There can be no net torque due to 
gravitational fields with respect to the center of gravity, and so the center of gravity in 
this case is not at the center of mass. 


12.49: a) The simplest way to approach this problem is to fmd the force between the 

spacecraft and the center of mass of the earth-moon system, which is 4.67 x 10 6 mffom 
the center of the earth. 


Spacecraft 



The distance from the spacecraft to the center of mass of the earth-moon system is 
3.82xl0 8 m. Using the Law of Gravitation, the force on the spacecraft is 3.4 N, an 
angle of 0.61° from the earth-spacecraft line. This equilateral triangle arrangement 
of the earth, moon and spacecraft is a solution of the Lagrange Circular Restricted 
Three-Body Problem. The spacecraft is at one of the earth-moon system Lagrange 
points. The Trojan asteriods are found at the corresponding Jovian Lagrange 
points. 

b) The Work is W = GMm = 6 - 673xl0-llN m-/kg 2 )(5.97xl0^kg+7.35xl0 22 kgX1250 kg) or 

W = -1.31xl0 9 J. 




12.50: Denote the 25-kg sphere by a subscript 1 and the 100-kg sphere by a 

subscript 2. a) Linear momentum is conserved because we are ignoring all other 
forces, that is, the net externai force on the system is zero. Hence, m ] v [ = m 2 v 2 


This relationship is useful in solving part (b) of this problem. b)From the work- 
energy theorem, 


Gm ] m 2 


1 1 


I(„ 

O V 


= -\ n hrf +m Á, 


and from conservation of momentum the speeds are related by m 1 v l = m 2 v 2 . Using 
the conservation of momentum relation to eliminate v 2 in favor of v, and 
simplifying yields 


v 


2 

1 


2 Gm 2 
m l + m 2 


r t 



with a similar expression for v 2 . Substitution of numerical values gives 

Vj = 1.63 xlO 5 m/s, v 2 = 4.08 x 1CT 6 m/s. The magnitude of the relative velocity is 

the sum of the speeds, 2.04xl0~ 5 m/s. 

c) The distance the centers of the spheres travei (x, and x 2 ) is proportional to 


their acceleration, and // = y: = or = 4x 2 . When the spheres finally make 
contact, their centers will be a distance of 2 R apart, or Xj + x 2 + 2R = 40 m, 
or x 2 + 4x 2 + 2R = 40 m. Thus, x 2 = 8 m - 0.47?, and x, = 32 m -1 .6R. 


12.51: Solving Eq. (12.14) forr, 

^ ^ o 

T 


R = Gm, 


\2n j 


= (6.673 xlO -11 N ■ nr/kg 2 )(5.97 x 10 24 kg) 


(27.3 d)(86,400 s/d) 
2 n 


= 5.614x 10 m 3 , 
from which r = 3.83x 10 s m. 


12.52 : g = | g | = (6 - 673xl "';^ g2)(2Q -° kg) = 5.93 x 10- 10 N/kg, directed toward the 

center of the sphere. 



12.53: 

r 3 = Gm v 


a) From Eq. (12.14), 

^ x o 

T 


\2tzj 


= (6.673 x 10 11 N • m 2 /kg 2 ) (5.97 x 10 24 kg) 


" 86,164 s Y 

V , 


= 7.492x10 22 m 3 , 


and so h = r - R E = 3.58x 10 7 m. Note that the period to use for the earth’s rotation 
is the siderial day, not the solar day (see Section 12.7). b) For these observers, the 
satellite is below the horizon. 



12.54: 


Equation 12.14 in the text will give us the planefs mass: 

2;zr 3/2 


T = 




2,3 


t2 _ 4 kG- 
GM 
,, 4n 2 r 


P 

2 .3 


4tt 2 (5.75 x 10 5 m + 4.80x 10 6 m) 3 


GT l (6.673 x 10 -11 N • m 2 /kg 2 )(5.8 x 10 3 s) 2 
= 2.73 lxlO 24 kg ,or about half earth’s mass. 

Now we can find the astronaufs weight on the surface (The landing on the north 
pole removes any need to account for centripetal acceleration): 

GM p m ã _ (6.673 x 1Q- 11 N-m 2 /kg 2 )(2.731xl0 24 kg)(85.6kg) 


w = ■ 


(4.80x 10 6 m) 2 


= 677 N 


12.55: In terms of the density p, the ratio M/R is (4zr/3) pR 2 , and so the escape 

speed is 

v = A /(8^/3)(6.673xl0" u N-m 2 /kg 2 )(2500kg/m 3 )(l50xl0 3 m J = 177 m/s. 



12.56: a) Following the hint, use as the escape velocity v = sj2gh, where h is the 

height one can jump from the surface of the earth. Equating this to the expression 
for the escape speed found in Problem 12.55, 

2 g h = ^-pGR 2 , or R 2 =J-^’ 

3 \n pG 

where g = 9.80 m/s 2 is for the surface of the earth, not the asteroid. Using 
h = 1 m (variable for different people, of course), R = 3.7 km. As an altemative, if 
one’s jump speed is known, the analysis of Problem 12.55 shows that for the same 
density, the escape speed is proportional to the radius, and one’s jump speed as a 
fraction of 60 m/s gives the largest radius as a fraction of 50 km. b) With 

a - v 2 / R, p- - 3.03 x 10 3 kg/m 3 . 


12.57: a) The satellite is revolving west to east, in the same direction the earth is 

rotating. If the angular speed of the satellite is co s and the angular speed of the 
earth is co E , the angular speed co Te] of the satellite relative to you is co Tel = co s -co E . 
w rc | =(lrcv)/(l2h) = (^)rcv/h 
A: = fe)rev/h 


CO c = CO, 


rei 


+ co E = (|)rev/h = 2.18xl0" 4 rad/s 


v 7 - mm E 

Z^r =ma saysG— if- 


= m - 


v 2 = and with v = roo this gives r 3 = ;r = 2.03 x 10 7 m 
r oo 

This is the radius of the satellite ’s orbit. Its height h above the surface of the 
earth is h - r-R E - 1.39 x 10 7 m. 

b) Now the satellite is revolving opposite to the rotation of the earth. 

If west to east is positive, then co rd = (- -jV)rev/h 

oo s = m rel + co E = (- ^j-)rev/h = -7.27 x 10" 5 rad/s 


3 


r 


gives r = 4.22 x 10 7 m and h = 3.59 x 10 7 m 

oo" 



12.58: (a) Getradius of X:{(2^i?) = 18,850 km 

R = 1.20x10 7 m 


Astronant mass: m = — = 943 N 

g 9.80 m/s' 

X: 

V 77 GmM 
2 J F = ma : n2 = mg x 


= 96.2 kg Use astronant at north pole to get mass of 


R- 


M. = 


mg x R 2 


(915 N)(l .20 x 10 7 m) 2 


= 2.05x 10 25 kg 


Gm (6.67 xlO 11 Nm 2 /kg 2 )(96.2kg) 

Apply Newton’s second law to astronant on a scale at the equator of X. 

.2 

Tj F = ma:F ^~ F s^ = 

IV 

m( 2 f) 2 An 1 mR 


v = 


R 

2nR 


■ F - F = 

grav scale 


915.0 N - 850.0 N = 


grav scaie 

4^ 2 (96.2 kg)(1.20xl0 7 m) 


T : 


T = 2.65 x 10 4 s 


1 hr 


(b) For satellite: Tf = ma 
T = 


Gmm, 


4 n~r 


.2_3 


v3600 s 

- = ^f wherev = ^.^ = (^f) 
4^~ 2 (1.20 x 10 7 m + 2 x 10 6 m) 3 


= 7.36 hr, which is one day 


Gm x \ (6.67 x 10 11 Nm 2 /kg 2 )(2.05 x 10 25 kg) 
T = 8.90 x 10 3 s = 2.47 hours 


12.59: 


The fractional error is 
mgh 

Gm m Á-k~ 


l--^(R E +h)(R E ). 

Gm v 


At this point, it is advantageous to use the algebraic expression for g as given in 
Eq. (12.4) instead of numerical values to obtain the fractional difference as 
1 - (i? E +h)/R E = - h/R E , so if the fractional difference is 
-l%,h = (0.0l)R E =6.4xl0 4 m. 

If the algebraic form for g in terms of the other parameters is not used, and the 
numerical values from Appendix F are used along with g = 9.80 m/s 2 , 
h/R E = 8.7 x 10 3 , which is qualitatively the same. 



12.60: (a) Get g on Mongo: It takes 4.00 s to reach the maximum height, where 

v = 0 then v 0 - gt —> 0 = 12.0m/s -g(4.00s) 

g = 3.00 m/s 2 

Apply Newton’s second law to a falling object: 

Z F = ma : mg = —> M = gR 2 /G 

2kR = C^R = C/2tt 

M-&/G- (3° 0m /;)("yt = 4 . 56xl0 » kg 

' 6.67 x 10 -11 N m 2 /kg 2 

b) Apply Newton’s second law to the orbiting starship. 


EF = ma: 


GmM mv~ 


2 7TT _ 4 ;rV 

v —->r = j- 

T V GM 

r 

r = R + 30,000km =-i-3.0x 10 7 m 

2 K 


T = 


4 n\ 


2 / 2.00xl0 s m 


2;r 


+ 3.0xl0 7 m) 3 


(6.67 xl0~ n Nm 2 /kg 2 )(4.56x 10 25 kg) 


= 5.54x 10 s 


lh 


3600 s 


= 15.4 h 


12.61: At Sacramento, the gravity force on you is F x = G 


mm E 

~RÍ 


At the top of Mount Everest, a height of h = 8800 m above sea levei, the gravity 
force on you is 


F 2 = G = 


mm. 


= G 


mm. 


(R e + h) 2 Rl(l + h/R E ) 


2h 


(1 + h/R E )~ 2 «1 - —,F 2 = F l 
Fe 

F - F 2h 

£±-Fl = ±!L = 0.28% 

F r c 


r \-2h ' 

\ J 



12.62: a) The total gravitational potential energy in this model is 


U = -Gm\ 


n h , 

r ^EM _ 


b) See Exercise 12.5. The point where the net gravitational field vanishes is 

r = - ^ EM = = 3.46 x 10 8 m. 

l + ^m M /m E 

Using this value for r in the expression in part (a) and the work-energy theorem, 
including the initial potential energy of - Gm(m E /R E + m M /(R EM - R E )) gives 
11.1 km/s. c) The final distance from the earth is not R M , but the Earth-moon 
distance minus the radius of the moon, or 3.823 x 10 8 m.From the work-energy 
theorem, the rocket impacts the moon with a speed of 2.9 km/s. 


12.63: One can solve this problem using energy conservation, units of J/kg for energy, 

and basic concepts of orbits. E = K + U, or - - \v 2 where E,K and U are the 

energies per unit mass,v is the circular orbital velocity of 1655 m/s at the lunicentric 
distance of 1.79 x 10 6 m. The total energy at this distance is-1.37 x 10 6 J/Kg. When the 
velocity of the spacecraft is reduced by 20 m/s, the total energy becomes 



(1655 m / s - 20m / s) 2 


(6.673 x 10~ n N • m 2 /kg 2 )(7.35 x 10 22 kg) 
(1.79x10 6 m) 


or E - -1.40 x 10 6 J/kg. Since E = -^~, we can solve for a,a - 1.748 x 10 6 m,the semi 

-major axis of the new elliptical orbit. The old distance of 1.79 x 10 6 m is now the 
apolune distance, and the perilune can be found from 

a = - 1.706 x 10 6 m.Obviously this is less than the radius of the moon, so the 

spacecraft crashes! At the surface, U = --f^or ,U = -2.818xl0 6 J/kg. 

Since the total energy at the surface is -1.40 x 10 6 J/kg, the kinetic energy at the surface 
is 1.415 x 10 6 J/kg. So, | v 2 = 1.415 x 10 6 j/kg, or v = 1.682 x 10 3 m/s = 6057 km/h. 



12.64: Combining Equations (12.13) and (3.28) and setting 
a md = 9-80 m/s 2 (sothat co = OinEq.(l2.30)), 


T = 2n 


R 


rad 


5.07X10 3 s, 


which is 84.5 min, or about an hour and a half. 


12.65: The change in gravitational potential energy is 


A U = 


Gm E m 


(R E+ h) R 


Gm E m 

- - — = -Gm F m 


RÀK+i-Y 


so the speed of the hammer is, fforn the work-energy theorem, 


2 Gm E h 
(R e + h)R E 


12.66: a) The energy the satellite has as it sits on the surface of the Earth is E i = 1 . 

The energy it has when it is in orbit at a radius R ~ R v is E f = ~ . The work needed to 

put it in orbit is the difference between these: W = E { - E { = G ”^ E . 

b) The total energy of the satellite far away from the Earth is zero, so the additional 

work needed is 0 - )= 

c) The work needed to put the satellite into orbit was the same as the work needed 
to put the satellite from orbit to the edge of the universe. 



12 . 67 : The escape speed will be 


2 G 

m E l m s 


_ R e R es_ 


= 4.35x10 4 m/s. 


a) Making the simplifying assumption that the direction of launch is the direction of the 
eartlTs motion in its orbit, the speed relative the earth is 


v-- 


2kR 


ES 


= 4.35xlO 4 m/s- 


2tt(1.50x 10 11 m) 


= 1.37xlO 4 m/s. 


T ' (3.156x 10 7 s) 

b) The rotational at Cape Canaveral is 2,I(6 - 3iixl ° ^ C0s28 - S = 4.09 x 10 2 m/s, so the speed 


relative to the surface of the earth is 1.33 x 10 4 m/s. c) In French Guiana, the rotational 
speed is 4.63 x 10 2 m/s, so the speed relative to the surface of the earth is 1.32 x 10 4 m/s. 


12 . 68 : a) The SI units of energy are kg-m 2 /s 2 , so the SI units for (f> are m 2 /s 2 . Also, 
it is known from kinetic energy considerations that the dimensions of energy, kinetic or 
potential, are mass x speed 2 , so the dimensions of gravitational potential must be the 

same as speed 2 .b) (/> = 


c) 


At/.i = Gm E 



r r 


3.68xlO 6 J/kg. 


d) mA</> = 5.53 x IO 10 J. (An extra figure was kept in the intermediate calculations.) 


12 . 69 : a) The period of the asteroid is T = Inserting 3 x 10 11 m for a gives 

2.84 y and5xlO u m gives a period of6.ll y. 


b) If the period is 5.93 y, then a = 4.90x 10 n m. 

c) This happens because 0.4 = 2/5, another ratio of integers. So once every 5 orbits 
of the asteroid and 2 orbits of Júpiter, the asteroid is at its perijove distance. Solving 
when T = 4.74 y, a = 4.22 x 10 11 m. 



12 . 70 : a) In moving to a lower orbit by whatever means, gravity does positive work, 

v 2 Gm u \i /2 - 1/2 


and so the speed does increase. b) From— = —v = {Gm v )' r 
Av = (C/«, )' 


", so 


\l/2 


— Ar 


- 3/2 


^ Ar ^ 


Gm, 


\ ^ J 


í 


Note that a positive Ar is given as a decrease in radius. Similarly, the kinetic energy is 
K = (l/2 )mv 2 = (l/2 )Gm E m / r, and so AK = (l/2 ){Gm E m / r 2 )a/\ ÀÍ7 = -{Gm E m / r 2 ) 

Ar and W = ÀÍ7 + AK = -{Gm E m / 2r 2 ) Ar, is agreement with part (a). c)v 

= ^Gffl E /r = 7.72 x 10 3 m/s, Av = (, Ar/2)^Gm E /r 3 = 28.9 m/s ,E = -Gm E m /2r = 

-8.95 xIO 10 J (fromEq.(12.15)), AÀi = (Gm E m/2r 2 )(Ar) = 6.70x 10 8 J, AU = -2A/G = 

-1.34x10 9 J and W = -AK = -6.70 x 10 8 J. d)As the term “burns up” suggests, the 
energy is converted to heat or is dissipated in the collisions of the debris with the 
grounds. 


12 . 71 : a) The stars are separated by the diameter of the circle d = 2 R, so the 

gravitational force is 

b) The gravitational force foimd in part (b) is related to the radial acceleration by 
F g = Ma md = Mv 2 /R for each star, and substituting the expression for the force lfom part 

(a) and solving for v gives v = -^GM/AR. The period is 

T = = -i/l 6tt 2 R 3 /GM = AjzR ’ 2 / 4GM . c) The initial gravitational potential energy is 

- GM 2 jlR and the initial kinetic energy is 2(1/2 )Mv 2 = .GM 2 /AR, so the total 
mechanical energy is - GM 2 /2R. If the stars have zero speed when they are very far 
apart, the energy needed to separate them is GM 2 / AR. 



12 . 72 : a) The radii R t and R 2 are measured with respect to the center of mass, and so 

M l R l = M 2 R 2 , and RjR 2 = M 2 /M v 

b) If the periods were different, the stars would move around the circle with respect 
to one another, and their separations would not be constant; the orbits would not remain 
circular. Employing qualitative physical principies, the forces on each star are equal in 
magnitude, and in terms of the periods, the product of the mass and the radial 
accelerations are 

4n 2 M 2 R 2 

rji 2 rji 2 

1 2 

From the result of part (a), the numerators of these expressions are equal, and so the 
denominators are equal, and the periods are the same. To fmd the period in the symmetric 
ífom desired, there are many possible routes. An elegant method, using a bit of hindsight, 
is to use the abo ve expressions to relate the periods to the force F = GM]M \ ; so that 

6 (R i +R 2 ) 

equivalent expressions for the period are 

+ R 2 r 

2 G 



c) First we must fmd the radii of each orbit given the speed and period data. In a 

circular orbit, v = , or R = ^ 

Thus, R a = ^Xl0 3 m/s)(137dx86.400 s/d) = 6 78x | Q -0 m andR ^ = (12xl0^/s)(137dx86.400s/d) 

= 2.26 x 10 10 m. Now fmd the sum of the masses and use M a R a - M p R /; , and the fact 
that R a = 3 R p .(M a + M p ) - , inserting the values of T, and the radii, 

(M„+M») = - 1 ——õ-n — a 2 3.12x10 kg. Smce 

v a P J (137 d x86,400 s/d) 2 (6.673x10“ N-m 2 /kg 2 ) a P & 

M p =M a R a /R fi = 3M a ,4M a =3.12xl0 30 kg,or M a =7.80xl0 29 kg, and M ^ =2.34xl0 3 

d) Fet a refer to the star and /? refer to the black hole. Use the relationships derived 


inparts (a) and (b): R p = (M a /M p )R a = (0.67/3.8)i? a = (0.17 6)R a ,(R a + 
R /; ) = ]j (M “ + ^J )T —-, and v = ^. For R a , inserting the values for M and T and 



12 . 73 : From conservation of energy, the speed at the closer distance is 



6.8xl0 4 m/s. 


12 . 74 : Using conservation of energy, 



The subscripts a and p denote aphelion and perihelion. 

To use conservation of angular momentum, note that at the extremes of distance 
(periheleion and aphelion), Mars’ velocity vector must be perpendicular to its radius 
vector, and so the magnitude of the angular momentum isZ = mrv . Since L is constant, 
the product rv must be a constant, and so 



(2.198 xlO 4 m/s) 


(2.492 x1o 11 m) 
(2.067xl0 n m) 


2.650x10 4 m/s, 


a confirmation of Kepler’s Laws. 



12 . 75 : a) The semimajor axis is the average of the perigee and apogee distances, 

a-\ ((R e + h p ) + (R e + h a )) = 8.58 x 10 6 m. From Eq. (12.19) with the mass of the earth, 
the period of the orbit is 


T = 


2na 312 

Jgm e 


7.91xl0 3 s, 


a little more than two hours. b) See Problem 12.74; — = — = 1.53. c) The equation that 

V a r p 

represents conservation of energy (apart ífom a common factor of the mass of the 
spacecraft) is 





V 2 


\ r ,> 


Gnu 


where conservation of angular momentum has been used to eliminate v a is favor of v . 
Solving for v 2 and simplifying, 


2Gm E r a 

r p( r p+ r J 


7.71 xlO 7 m 2 /s 2 , 


ífom which v p = 8.43x10 3 m/s and v a = 5.5 lx 10 3 m/s. d) The escape speed for a given 

distance is v e = ^2GM/r, and so the difference between escape speed and v p is, after 
some algebra, 


v„ - v„ 



V 1 + ( r p /O: 


Using the given values for the radii gives v e - v p = 2.41 x 10 3 m/s. The similar calculation 
at apogee givev e — v a = 3.26 x 10 3 m/s, so it is more efficient to frre the rockets at perigee. 
Note that in the abo ve, the escape speed v e is different at the two points, 
v = 1.09x10 4 m/s and v = 8.77 x 10 3 m/s. 

pc / dc / 




12 . 76 : a) From the value of g at the poles, 


gX = (l 1 . 1 m/s 2 )(2.55ó x 10 7 4 = 1 09x 1qM k 
G (6.673x10^ 1 N-in"/kg 2 ) 

b) Gm^/r 2 = g, (/? (; /r) 2 =0.432m/s 2 . c )Gm u / =0.080m/s 2 . d) No; Miranda’s 
gravity is sufficient to retain objects released near its surface. 


12 . 77 : Using Eq. (12.15), with the mass M m instead of the mass of the earth, the 
energy needed is 


A E = 


Gmm 


1 1 


(6.673 xl0^ 11 N-m 2 /kg 2 )(6.42xl0 23 kg)(3000 kg) 

2 

'_1__1_' 

(2.00x 10 6 m + 3.40x 10 6 m) (4.00x10 6 m + 3.40x10 6 m) 


= 3.22x10 J. 


12 . 78 : a) The semimajor axis is 4 x 10 15 m and so the period is 


2^(4 x 10 15 mj 

7(6.673 xlO -11 N ■ m 2 /kg 2 )(l .99 x 1 0 30 kg) 


1.38xl0 14 s, 


which is about 4 million years. b) Using the earth-sun distance as an estimate for the 
distance of closest approach, v = yj2Gm s /R ES = 4 x 10 4 

m/s. c) (l/2 )mv 2 = Gm s mjR ~ I O 24 J. This is far larger than the energy of a volcanic 
eruption and is comparable to the energy of burning the fóssil fuel. 



12 . 79 : a) From Eq. (12.14) with the mass of the sun, 


r = 


(6.673 xlO^ 11 N ■ m 2 /kg 2 )(l .99 x IO 30 kg)" 
x ((3 x 10 4 y) (3. 1 56 x 10 7 s/y)) 2 / 4tt 2 


1/3 


= 1.4x 10 14 m 


This is about 24 times the orbit radius of Pluto and about 1/250 of the way to Alpha 
Centauri. 


12 . 80 : Outside the planet it behaves like a point mass, so at the surface: 

YjF = ma : - m g —> g = GM/R 2 

Get M :M = \ dm = \ pdV = I p4m- 2 dr. The density is p - p 0 - br, where 
p 0 = 15.0xl0 3 kg/m 3 at the center at the surface, p s = 2.0xl0 3 kg/m 3 ,soè = 

M = ío (Po ~ br)4nr 2 dr = ^-p 0 R 3 - nbR 4 


Pq-Ps 


= -nR 3 p 0 -nR 4 


^ Pq-P A 


g = 


v R , 

GM __ GnR 3 (\p 0 + p s ) 


R- 


R 2 


- 71R 


— 7rRG\ 


1 


-Po+Ps 


1 


'Po + Ps- 


V- 


46.38 x 10 s m)(6.67 x 10" 11 Nm 2 /kg 2 ) 15 - 0xl ° k §/ m + 2.0 x 10 3 kg/m 3 

v ^ 

= 9.36 m/s 2 



12 . 81 : The radius of the semicircle is R = Z/tt 

Divide the semicircle up into small segments of length R dO 




dM = (m/L)R dO = (i\417z)d0 

dF is the gravity force on m exerted by dM 

} dF y - 0; the y-components íf om the upper half of the semicircle cancel the y- 
components fforn the lower half. 

The x-components are all in the +x-direction and all add. 


dF = G 


mdM 

R 2 


mdM Gnmm 

dF , = G — cos u =--—cosfe' dO 


F = 


R 1 

■*/2 Gm ttM 

dF = - 

-*/2 1 L2 


L 2 


Gmnm 

cos OdO =--— (2) 

*/2 L 2 


F = 


2nGmM 



12 . 82 : The direct calculation of the force that the sphere exerts on the ring is slightly 
more involved than the calculation of the force that the ring exerts on the bali. These 
forces are equal in magnitude but opposite in direction, so it will suffice to do the latter 
calculation. By symmetry, the force on the sphere will be along the axis of the ring in Fig. 
(12.34), toward the ring. Each mass element cIM of the ring exerts a force of magnitude 
g ^ m 2 on the sphere, and the x-component of this force is 

GmdM x _ GmdMx 
a ' + *' y/a 2 +x 2 (a 2 +x 2 J'~ 

As x» a the denominator approaches x 3 and F —» , as expected, and so the force on 

the sphere is GmMx/(a 2 + x 2 )' ", in the - x - direction. The sphere attracts the ring with 
a force of the same magnitude. (This is an altemative but equivalent way of obtaining the 
result of parts (c) and (d) ofExercise 12.39.)2 


12 . 83 : Divide the rod into differential masses dm at position /, measured ffom the right 
end of the rod. Then, dm = dl(M/L), and the contribution 


dF x ffom each piece is dF x 


GrnMdl 
(/ + x)~ L 


Integrating ffom / = 0 to / 


L gives 


GmM 

<•£ dl GmM 

i r 

GmM 

L ■ 

(/ + x) 2 L 

_x + L x_ 

x(x + L ) 


with the negative sign indicating a force to the leit. The magnitude is F - x " x + L y As x >> 
L, the denominator approaches x 2 and F —> as expected. (This is an alternative but 

equivalent way of obtaining the result of part (b) Exercise 12.39.) 



12 . 84 : a) From the result shown in Example 12.10, the force is attractive and its 

magnitude is proportional to the distance the object is ffom the center of the earth. 
Comparison with equations (6.8) and (7.9) show that the gravitational potential energy is 
given by 


U(r) = ^r‘. 


This is also given by the integral of F g from 0 to r with respect to distance. b) From part 

(a), the initial gravitational potential energy is < '’ IU]in Equating initial potential energy 

IR e 


and final kinetic energy (initial kinetic energy and final potential energy are both zero) 
Ctth 

gives v 2 =-—, so v = 7.90x10 3 m/s. 



12 . 85 : a) T = 

T + Ar = 


therefore 


or + Ar) 3/2 = /^2L(l + ^) 3/2 


2 izr_ 


3/2 


(i+^r) =7, + 3 ^ r . 


V ’ “ ^ V a '• > JÕMÍ 

Since v - - -yy 1 . v = yjGM E r~ 1/2 , therefore 

v - A v = JGÃT E (r + A r)" 1/2 = 7^ r~ 1/2 (l + ^)~ 1/2 * JgÃT e r~ 1/2 (l -%) = v- ^fA r. 


gm f 


Since T - 


4gm^ 


,Av - jl y l . 


b) Note: Because of the small change in r, several significant figures are needed to 

see the results. Starting with T - -^=- (Eq.(12.14)), T = 2n r/v, and v = 

(Eq.(12.12)) find the velocity and period of the initial orbit: 

1(6.673xlO -11 N • m 2 /kg 2 )(5.97 x 10 24 kg) . , 

v =, -- ' B ’ -— = 7.672x10 m/s, and 

V 6.776 xl0 6 m 

T — 2n r/v - 5549 s = 92.5 min. We then can use the two derived equations to 
approximate the 

A T and A v,AT = lj£ÂJL and Av = ^.A T = 3,I(10 ° m) = 0.1228s, and Av 


7 . 672 x 10 3 m/s 


=t=S=« 62 >^ 


Before the cable breaks, the shuttle will have traveled a distance d, d 
= 7(125 nr) - (100m 2 ) = 75 m. So, (75 m)/(.05662m/s) = 1324.7 s = 22 min. It will take 
22 minutes for the cable to break. 

c) The ISS is moving faster than the space shuttle, so the total angle it covers in an 
orbit must be 2n radians more than the angle that the space shuttle covers before they are 

once again in line. Mathematically, y - /'.~/// = 2 n . Using the binomial theorem and 
neglecting terms of order AvAr, y - “ (l + y 1 ) 1 «t (y + /y) = 2 n . Therefore, 

. Since 2n r = vT and Ar = *g-,t = ,=„ A7 --/'w„ A T \ = 7 /’ as was to be 


t = 


2 nr 


7 T Ar vA r 
T r 


vT 

n( vAT 

LM 


í 37 T 

J T 1 

, 3 TC J 


shown. t = yy = (0122 s 8s) =2.5x10 s = 2900 d = 7.9 y. It is highly doubtful the shuttle 
crew would survive the congressional hearings if they miss! 




12 . 86 : a) To get from the circular orbit of the earth to the transfer orbit, the 

spacecraffs energy must increase, and the rockets are fired in the direction opposite that 
of the motion, that is, in the direction that increases the speed. Once at the orbit of Mars, 
the energy needs to be increased again, and so the rockets need to be fired in the direction 
opposite that ofthe motion. FromFig. (12.37), the semimajor axis ofthe transfer orbit is 
the arithmetic average ofthe orbit radii ofthe earth and Mars, and so froinEq. (12.19), 
the energy of spacecraft while in the transfer orbit is intermediate between the energies of 
the circular orbits. Returning from Mars to the earth, the procedure is reversed, and the 
rockets are fired against the direction of motion. b) The time will be half the period as 
given in Eq. (12.19), with the semimajor axis a being the average ofthe orbit radii, 
a = 1.89x10" m, so 


T __ 71(1.89x10" m) 3/2 _ 

2 7(6-673 x 10 11 N • m 2 /kg 2 )(l .99 x IO 30 kg) 


2.24x10 7 s, 


which is more than 8y months. c) During this time, Mars will pass through an angle of 

(360°) (687(86 4 ooi/d) = 135.9°, and the spacecraft passes through an angle of 180°, so the 
angle between the earth-sun line and the Mars-sun line must be 44.1°. 



12 . 87 : a) There are many ways of approaching this problem; two will be given here. 


I) Denote the orbit radius as r and the distance from this radius to either ear as 8. 
Each ear, of mass m , can be modeled as subject to two forces, the gravitational force 
from the black hole and the tension force (actually the force from the body tissues), 
denoted by F. Then, the force equations for the two ears are 


GMm 
(r-ô) 2 
GMm 
(r + õ) 2 


- F = meo 2 (r-ô) 
+ F = mco 2 (r + 8), 


where co is the comrnon angular frequency. The first equation reflects the fact that one 
ear is closer to the black hole, is subject to a larger gravitational force, has a smaller 
acceleration, and needs the force F to keep it in the circle of radius r - 8. The second 
equation reflects the fact that the outer ear is further from the black hole and is moving in 
a circle of larger radius and needs the force F to keep in in the circle of radius r + 8. 

Dividing the first equation by r - 8 and the second by r + 8 and equating the 
resulting expressions eliminates co , and after a good deal of algebra, 

F = C 3GMm8 ) ( 2 r + ? 2 . 

(r 2 -S 2 ) 2 


At this point it is prudent to neglect 8 in the sum and difference, but recognize that F is 
proportional to 8 , and numerically F = 3 GA f l8 =2.1 kN. (Using the result of Exercise 


12.39 to express the gravitational force in ternis of the Schwartzschild radius gives the 
same result to two figures.) 

II) Using the same notation, 


GMm 
(r + Sf 


- F = mco 2 (r + 8), 


where 8 can be of either sign. Replace the productm&> 2 witli the value 
for d = 0, meo 2 = GMm/F and solve for 


F = (GMm) 


r + 8 


(r + 8y 


GMm 


r + 8- r{\ + (ô/r)) 2 ■ 


Using the binomial theorem to expand the term in square brackets in powers of S/r, 


F = [ r + r (1 _ 2 (é/r))] = (38), 


the same result as above. 

Method (I) avoids using the binomial theorem or Taylor series expansions; the 
approximations are made only when numerical values are inserted and higher powers of 
8 are found to be numerically insignificant. 



12.88: As suggested in the problem, divide the disk into rings of radius r and thickness 
dr. Each ring has an area d A = 2 nr dr and mass dM = zfjdA = ^fr dr. The magnitude of 


the force that this small ring exerts on the mass m is then (G m dM)(x/(r 2 + x 2 ) 3 ' 2 ), the 
expression found in Problem 12.82, with dM instead ofMand the variable r instead of a. 

Thus, the contribution dF to the force is dF = ^GMmx — rc ^ r . 

a 2 (x 2 + r 2 ) 3/2 

The total force F is then the integral over the range of r; 


F = 


\dF 


IGMmx 


0 (x 2 + r 2 ) 3/2 


■dr. 


The integral (either by looking in a table or making the substitution u = r 2 + a 2 ) is 


(x 2 +r 2 ) 3/2 

Substitution yields the result 


■dr = 


1 




F = 


2 GMm 


2 2 

a +x 


í- 


i 


X 


í 


2 2 

a +x 


Vã 2 +x 2 


The second term in brackets can be written as 

1 


,--= = (1 + (a/x) 2 T l/2 * 1 - - 

2 


f aX 1 


\x) 


ifx » a, where the binomial approximation (or fírst-order Taylor series expansion) has 
been used. Substitution of this into the above forni gives 


F 


GMm 


as it should. 




12 . 89 : From symmetry, the component of the gravitational force parallel to the rod is 
zero. To fmd the perpendicular component, divide the rod into segments of length dx and 
mass dm = dxjj, positioned at a distance x from the center ofthe rod. The magnitude of 
the gravitational force from each segment is 

Gm dM GmM dx 


dF = 


2 2 

x +a 


2 L x 2 +a 2 

The component of dF perpendicular to the rod is dF ; g , and so the net gravitational 

\X 2 ' ~ 

force is 


F=\dF 


GmMa 
2 L 


dx 


(x 2 +« 2 ) 3/2 ‘ 


The integral can be found in a table, or found by making the substitution x = a tan 6. 
Then, dx = a sec 2 9d9,(x 2 + a 2 ) = a 2 sec 2 9, and so 


í; 


dx 


(x 2 +« 2 ) 3/2 J 

and the defrnite integral is 


a sec 2 6 dO 
a 3 sec 3 # 


-f 

a 2 J 


1 


= —- cos 9 dO = —— sin# = 


i 2 yl x 2 + a 2 


F = 


GmM 


ci Ia + L" 


When a » L, the term in the square root approaches a 2 and F 


GmM 


, as expected. 



Capítulo 13 



13 . 1 : a) T = y = 4.55 xlO~ 3 s, <n = y 1 = 27r/’ = 1.38xl0 3 rad/s. 
b) 4 ( 220 Hz) = 1-14x10 3 s, co = 2 nf = 5.53xlO 3 rad/s. 


13 . 2 : a) Since the glider is released formrest, its initial displacement (0.120 m) is the 
amplitude, b) The glider will retum to its original position after another 0.80 s, so the 
period is 1.60 s. c) The frequency is the reciprocai ofthe period (Eq. (13.2)), 

/ = ük = 0.625 Hz. 

13 . 3 : The period is = 1.14x10 1 s and the angular frequency is 
co = Y- = 5.53 x 10 3 rad/s. 

13 . 4 : (a) From the graph of its motion, the object completes one frúl cycle in 2.0 s; its 
period is thus 2.0 s and its frequency = 1/period = 0.5s '. (b) The displacement varies 
from - 0.20 m to + 0.20 m, so the amplitude is 0.20 m. (c) 2.0 s (see part a) 


13 . 5 : This displacement is \ of a period. 
T = 1// = 0.200 s, so t = 0.0500 s. 


13 . 6 : The period will be twice the time given as being between the times at which the 
glider is at the equilibrium position (see Fig. (13.8)); 

í \ 2 


k = of m = 


^2;r v 


m = 


V í ) 


2 n 


2(2.60 s) 


(0.200 kg) = 0.292 N/m. 


13 . 7 : a) T = y = 0.167 s. b) co = 2 nf = 37.7 rad/s. c) m = k 2 = 0.084 kg. 


13 . 8 : Solving Eq. (13.12) fork, 


k = m\ 


f 2 7ü\ - J 2 7T ^ 


= (0.600 kg) 


V i J 


0.150s 


= 1.05x10 3 N/m. 


13 . 9 : From Eq. (13.12) and Eq. (13.10), T = 2n = 0.375 s ,f = jr = 2.66 Hz, 
co = 2 nf = 16.7 rad/s. 

13 . 10 : a) a x =â ^k = ~co 2 A sin(<x>t + /?) = -co 2 x, so x(t) is a solution to Eq. (13.4) if 
co 2 - y.b) a - 2Aco a constant, so Eq. (13.4) is not satisfied. c) v x - -y = i(o ' (co,+IS) , 
a x = /y = (ico) 2 Ae ,(<ot+f>) = -co 2 x, so x(t) is a solution to Eq. (13.4) if co 2 = k/m • 



13 . 11 : a) x = (3.0 mm) cos ((2^)(440 Hz)t) b) (3.0 x 10 ~ m)(27r)(440 Hz) = 8.29 m/s, 
(3.0mm)(2ff) 2 (440Hz) 2 =2.29x10 4 m/s 2 , c) j(t) = (6.34xl0 7 m/s 3 )sin((2^)(440Hz», 
jma - 6.34 x 10 7 m/s 3 . 

13 . 12 : a) From Eq. (13.19), A = = -j= = 0.98 m. b) Equation (13.18) is 

indeterminant, but fromEq. (13.14), </) = +- f, and from Eq. (13.17), sin (/) > 0, so </ = + f. 
c) cos {cot + (7r/2)) = - sin cot, so x = (-0.98 m) sin((12.2 rad/s)t)). 

13 . 13 : With the same value for co , Eq. (13.19) gives A = 0.383 m and Eq. (13.18) gives 
and x = (0.383 m) cos ((12.2rad/s)t + 1.02 rad). 

(j) = arctaní-(-4.00m/s) 1 = , 02 rad = 58>5 o 

/ (0.200 m) a /300 N/m/2.00 kg J 

andr = (0.383 m) cos ((12.2 rad/s)/ + 1.02 rad). 

13 . 14 : For SHM, a x = -oo 2 x = -(2 nffx = ~{2n{2.5 Hz)) 2 (l .1 x 10" 2 m) = -2.71 in/s 2 . 
b) From Eq. (13.19) the amplitude is 1.46 cm, and fromEq. (13.18) the phase angle is 
0.715 rad. The angular ffequency is 2 nf = 15.7 rad/s,so 

x = (1.46 cm) cos ((15.7 rad/s)t + 0.715 rad) 
v x = (-22.9 cm/s) sin ((15.7 rad/s)t + 0.715 rad) 
a x = (-359 cm/s 2 ) cos ((15.7 rad/s)t + 0.715 rad). 

13 . 15 : The equation describing the motion is x = A sin w/; tliis is best found from either 
inspection or fromEq. (13.14) (Eq. (13.18) involves an infínite argument ofthe 
arctangent). Even so, x is determined only up to the sign, but that does not affect the 
result of this exercise. The distance from the equilibrium position is 
A sin (2 Ji(t/T)) = (0.600 m)sin(47r/5) = 0.353 m. 



13 . 16 : Empty chair: T 


With person in chair: 

T = 2 n-yjmjk 

T 2 k (2.54 s) 2 (993 N/m) 

m = —^ =--r-= 162 kg 

4tt 2 4tt 2 

«í person = 162 kg - 42.5 kg = 120 kg 


Wf 


k = 


An 2 m _ 47r 2 (42.5kg) 
T 2 ~ (1.30s) 2 


= 993 N/m 


13 . 17 : T = 2n^m/k ,m = 0.400 kg 

Use a x = -2.70 m/s 2 to calculate k : 

. ma x (0.400 kg)(-2.70 m/s 2 ) , 

-kx = ma r gives k = -- = —-—-- = +3.60 N/m 

' x 0.300 m 

T = In-yjmjk = 2.09 s 

13 . 18 : We have v x (t) = (3.60cm/s)sm((4.71s _1 )í-7r/2). Comparing this to the general 
form of the velocity for SHM: 

-coA = 3.60 cm/s 



co = 4.71s 


(|) = -n/2 

(a) 

T = Inlco = 27t/ 4.71 s _I = 1.33 s 

(b) 

. 3.60 cm/s 3.60 cm/s 

co 4.71 s' 1 

(c) 

«max = = (4.71 s -1 ) 2 (0.764cm) = 16.9 cm/s 2 



13 . 19 : a )x(t) = (7.40cm)cos((4.16 rad/s)t-2.42rad) 

When t = T, (4.16 rad/s)T = 2n so T = 1.51 s 

b) T = 2n^m/k so k = m(2nl 1 7 ) 2 = 26.0N/m 

c) A = 7.40 cm = 0.0740 m 

\mv 2 +jkx 2 =^kA 2 givesv max = A*Jkfm = 0.308 m/s 

d) F = -kx so F mãX = kA = 1.92 N 

e) x(t) evaluated at t = 1.00 s gives x = -0.0125 m 

v = ±JkJmyjA 2 -x 2 = ± a /26.0/1.50V(0.0740) 2 - (0.0125) 2 m/s = +0.303 m/s 
Speed is 0.303 m/s. 

a = - kx/m = -(26.0/l.50)(-0.0125)m/s 2 = +0.216m/s 2 


13 . 20 : See Exercise 13.15; 


t = (arccos(-1,5/6))(0.3/(2 n)) = 0.0871 s. 


13 . 21 : a) Dividing Eq. (13.17) by co , 


x 0 = A cos (f>, - = -A sin c|). 


Squaring and adding, 


co 


x 2 + \ = A 2 , 
co 


which is the same as Eq. (13.19). b) At time t = 0, Eq. (13.21) becomes 

1 , . 2 1 2 1 i 2 1^2 1 / 1 

—kA = — mv n + — kx n = - z-v fí + —kx n , 

2 2 0 2° 2 co 2 0 2 ° 

where m = kco 2 (Eq. (13.10)) has been used. Dividing by k/2 gives Eq. (13.19). 


13 . 22 : a) v max = (2 nf)A = (27t(392Hz))(0.60x 10 -3 m) = 1.48 m/s. 

b)^ max =\ m (V m J 2 =^(2.7xl0- 5 kg)(1.48m/s) 2 =2.96xl0- 5 J. 


13 . 23 : a) Setting \mv 2 = \kx 2 in Eq. (13.21) and solving for v gives x = ±^=. 

Eliminating x in favor of v with the same relation gives v x = ±s]kA 2 /2m = ±+f • b) This 

happens four times each cycle, corresponding the four possible combinations of + and - 
in the results of part (a). The time between the occurrences is one-fourth of a period or 



13.24: a) FromEq. (13.23), 


v 


max 



450 N/m 
V 0.500 kg 


(0.040 m) = 1.20 m/s. 


b) FromEq. (13.22), 


450 N 


v = 


•7(0.040m) 2 -(-0.015m) 2 =1.1 lm/s. 


0.500 kg 

c) The extremes of acceleration occur at the extremes of motion, when x = ±A, and 


= 36 m/s 2 


kA (450 N/m)(0.040m) 
~~m~ (0.500 kg) 

d) FromEq. (13.4), a v = = 13.5 m/s 2 . 

e) FromEq. (13.31), E = |(450N/m)(0.040m) 2 =0.36 J. 


13.25: a) a max = a 2 A = (27tff A = (2^0.85 Hz)) 2 (18.0x IO' 2 m) = 5.13 m/s 2 . v max = 
coA = 2jrfA = 0.961 m/s . b) a x - -{2nf) 2 x - -2.57 m/s 2 , 

v = (2 nf)ylA 2 - x 2 

= (2tt(0.85 Hz))7(1 8.0 x 10 2 m) 2 - (9.0 x 10 2 m) 2 = 0.833 m/s. 

c) The fraction of one period is ( 1/2 tt) arcsin (12.0/18.0), and so the time is 
(T/2k )x arcsin (12.0/l8.0) = 1.37xl0 _1 s. Notethatthis is also arcsin (x/A)/co. 

d) The conservation of energy equation can be written 4 kA 2 = \mv 2 + 4 kx 1 . We are 
given amplitude, frequency in Hz, and various values of x. We could calculate velocity 
lfom this information if we use the relationship kjm = co 2 = 4a: 2 / 2 and rewrite the 

conservation equation as \ A 2 = 4"/— + 4x 2 . Using energy principies is generally a good 

approach when we are dealing with velocities and positions as opposed to accelerations 
and time when using dynamics is often easier. 

13.26: In the example, A 2 = A l 7 77/7 and now we want A 2 = 4 4,. So 4 = 7 m+ 7"’ or 
m = 3 M . For the energy, E 2 = jkA 2 , but since A 2 = \A l , E 2 = \E X , or \E X is lost to 
heat. 





13.28: At the time in question we have 

x = A cos (cot + <f>) = 0.600 m 

v = -coA sin(&h + cf>) = 2.20 m/s 

a =-co 2 A cos {cot + </>) = -8.40 m/s 2 


Using the displacement and acceleration equations: 

- co 2 A cos ( cot + cf>) = -co 2 (0.600 m) = -8.40 m/s 2 
co 2 = 14.0 and co = 3.742 s 1 To fmd A, multiply the velocity equation by co : 

-co 2 A sin (cot + cf>) = (3.742 s _I ) (2.20m/s) = 8.232 m/s 2 
Next square both this new equation and the acceleration equation and add them: 
co 4 A 2 sin 2 (mt + </>) + co 4 A 2 cos 2 (cot + </>) = (8.232 m/s 2 ) 2 + (-8.40m/s 2 ) 2 

= co 4 A 2 sin 2 (cot + c/)) + cos 2 (cot + cj>) 
co 4 A 2 = 67.77 nr/s 4 + 70.56 nr/s 4 = 138.3 m 2 /s 4 
a -138.3my, J _ 138.3mV,| , 

m‘ (3.742 s" 1 ) 4 

A = 0.840 m 


The object will therefore travei0.840 m - 0.600 m = 0.240 m to the right before stopping 
at its maximum amplitude. 

13.29: v max = Ajkfm 
Use T to find kjm : 

T = 2? Tyjmlk so k/m = (2 tc/T) 2 =158 s 2 
Use a max to fmd A : 

«max = kA ! m SoA = «max/(V W ) = 0.0405 111. 

Then v max = A-Jk/m = 0.509 ni/s 



13.30: Using ^ = 77 from the calibration data, 

_ {FJL Q ) _ (200N)/(1.25xlQ- 1 m) 
,U ~ (2nf) 2 ~ (2?r(2.60Hz)) 2 


6.00 kg. 


13.31: a)k = -^- = 
Al 


mg _ (650 kg) (9.80 m/s 


= 531xl0 3 N/m. 


( 0 . 120111 ) 

b) T = 2n = /— = 2n = 2 n I 0A20m 
' ig V 9.80 m/s 2 


= 0.695 s. 


13.32: a) At the top of the motion, the spring is unstretched and so has no potential 
energy, the cat is not moving and so has no kinetic energy, and the gravitational potential 
energy relative to the bottom is 2 mg A = 2(4.00 kg)(9.80 m/s 2 ) x (0.050 m) = 3.92 J . 

This is the total energy, and is the same total for each part. 

b) 6 /grav = 0, A = 0, so 6 / spring =3.92 J . 

c) At equilibrium the spring is stretched half as much as it was for part (a), and so 
t/spring = {(3.92 J) = 0.98 J, U gmv = {(3.92 J) = 1.96 J, and so K = 0.98 J . 


13.33: The elongation is the weight divided by the spring constant, 

, t’2 

mg 


w 

Al = — = 
k 


co 2 m 


sll 

An 2 


= 3.97 cm. 


13.34: See Exercise 9.40. a) The mass would decrease by a factor of (l/3 ) 3 = 1/27 and so 
the moment of inertia would decrease by a factor of (l/27)(l/3) 2 = (1/243), and for the 
same spring constant, the frequency and angular frequency would increase by a factor of 
a/243 = 15.6 . b) The torsion constant would need to be decreased by a factor of243, or 
changed by a factor of 0.00412 (approximately). 

13.35: a) With the approximations given, / = mR 2 = 2.72 x l 0 s kg ■ m 2 , 
or 2.7 xl0~ s kg ■ m 2 to two figures. 

b) k = (2 nffl = (2 tt2 Hz) 2 (2.72 x IO" 8 kg ■ m 2 ) = 4.3 x 10 ~ 6 N • m/rad. 


13.36: Solving Eq. (13.24) for k in terms of the period, 

, N o 

2n 


K = 


\T ; 

f 2n 


I 


vl.OOs j 
= 1.91 x 10 ~ 5 N ■ m/rad. 


((l/ 2 )( 2 . 00 xl 0~ 3 kg)( 2 . 20 x 10 -2 m) 2 ) 



13.37: 



0.450 N -m/rad 
(2tt(125)/(265s)) 2 


0.0152 kg • nr. 


13.38: The equation 6 = 0cos (cot + tp) describes angular SHM. In this problem, tp = 0. 

a) (f- = -a, @ sin(<n t) and jL ^- = -co 2 0 cos(ct> t). 

m dt 

b) When the angular displacement is 0,0 = 0cos(m t) , and this occurs at t = 0. so 

rlf) d 2 f) 

— = 0 since sin( 0 ) = 0 , and —- = -co 2 0, since cos( 0 ) = 1. 
dt dt" 

When the angular displacement is 0/2,® = 0cos(<x> t), or \ = cos(ct) t ). 

d6 -coQyf 3 . . , . a/3 j d 2 0 - co 2 0 . . . , 

— =-smce sm(ct> t) - —,and — j- = -, smce cos(<n t) = 1/2. 

dt 2 2 dt 2 

This corresponds to a displacement of 60°. 


13.39: Using the same procedure used to obtain Eq. (13.29), the potential may be 
expressed as 

c/=[/ 0 [(i+V^r I2 -2(i+V^r 6 ]- 

Note that at r = R 0 ,U = -U 0 . Using the appropriate for ms of the binomial theorem for 

I I <<C 




=u r 


1 


-2 


■12 (x/*,)+UW-U(x/jíJ 


, 36 

T + —rX 

R 2 


= -kx 2 -U n . 


where k = 72U 0 /i ? 2 has been used. Note that terms in u 2 lfom Eq. (13.28) must be 
kept; the fact that the first-order terms vanish is another indication that R 0 is an extreme 
(in this case a minimum) of U. 


13.40: / 


_L f k 

2n y (m/ 2 ) 


J_ I 2(580 N/m) 
2n\(l ,008)(1.66 x 10“ 27 kg) 


1.33 xlO 14 Hz. 


13.41: T = 271-yJTJg, so for a different acceleration due to gravity g', 

T' = r^/gTg 7 = í 1 -60 s) A /9.80m/s 2 /3.71m/s 2 = 2.60 s. 



13.42: a) To the given precision, the small-angle approximation is valid. The highest 
speed is at the bottom of the are, which occurs after a quarter period, f- = § ^ = 0.25 s. 
b) The same as calculated in (a), 0.25 s. The period is independent of amplitude. 


13.43: Besides approximating the pendulum motion as SHM, assume that the angle 
is sufficiently small that the length of the spring does not change while swinging in the 


are. Denote the angular frequency of the vertical motion as ry, = and cò = y f- 

= jco f) = which is solved for L = 4w/k . But L is the length of the stretched 
spring; the unstretched length is L 0 =L- w/k =3w/k = 3(l .00 N)/(l .50 N/m) = 2.00 m. 


13.44: 



13.45: The period of the pendulum is T = (l 36 s)/l 00 = 1.36s.Then, 


g = 




13.46: From the parallel axis theorem, the moment of inertia of the hoop about the nail is 
/ = MR 2 + MR 2 = 2MR 2 ,so T = 2n^2R/g, with d = R in Eq.(l3.39). Solving for R, 

R = gT 1 j%n = 0.496 m. 


13.47: For the situation described, / = mis and d = L in Eq. (13.39); canceling the factor 
of m and one factor of L in the square root gives Eq. (13.34). 





13 . 48 : a) Solving Eq. (13.39) for/, 

f t \ 2 í 0 940 sY / \ 

1= — mgd = — - (l .80 kg) (9.80 m/ s 2 )(0.250 m) = 0.0987 kg • m 2 . 

\2n) \ 2n ) 

b) The small-angle approximation will not give three-figure accuracy for 
0 = 0.400 rad. From energy considerations, 

/«gí/(l -cos0) = ^/.Q; ax . 

Expressing Q max in terms ofthe period of small-angle oscillations, this becomes 

I (y. r y / ” I ( 2 7T V/ 

Q m „ = J2 —— (l-cos ©) = .2 -— (l-cosío.40 rad)) = 2.66 rad/s. 

V l r J v ' v v 0.940 s 


13 . 49 : Using the given expression for/ in Eq. (13.39), with d=R (and of course m=M), 
T = 2jüJ5R/3e =0.58s. 


13 . 50 : FromEq. (13.39), 


/ = mgdí — = (1.80 kg)(9.80 m/s 2 )(0.200 m) -— 

V 27t / \ 2n 


120 s/100 


= 0.129 kg.nr 


13 . 51 : a) FromEq. (13.43), 

’ 1(2.50 N/m) (0.90 kg/s) 2 ,, r , co' nori T TT 

co' = J- 7- - — r- —= 2.47 rad/s, so /'=— = 0.393 Hz. 

\ (0.300 kg) 4(0.300 kg) 2 2?r 

b) b = 2 4km = 27(2.50 N/111)(0.300 kg) = 1.73kg/s. 


13 . 52 : FromEq. (13.42)H 2 = A l exp (- Solving for b, 

, 2 m, (l) 2(0.050kg) f 0.300m^l n , . 

b = — ln —- = —-—ln - = 0.0220 kg/s. 

t yd 2 ) (5.00s) ^O.lOOm^ 

As a check, note that the oscillation lfequency is the same as the undamped ffequency to 
4.8x 10~ 3 %, so Eq. (13.42) is valid. 



_b_ 

2 m 


cos co t -co sin co t 


13.53: a) With cj>= 0,x(0) = A. 
b) 

and at t = 0,v = -Ab/lm ; the graph of x versus t near t = 0 slopes down. 
. dv 

c) 

and at t = 0, 


v = ÈL - Ae^m)' 
dt 




a r = —- = Ae 
dt 


T h 2 

A 

ti 

. co'b . , 


-co 

cos co t H-sin co t 

yAm 2 

7 

2 m 


a v = H 


4/77 2 


-co 


= A\ 


r b 2 


k 


2 m~ m 


\ •••- j v / 

(Note that this is (—bv 0 -kx 0 )/m.) This will be negative if 

b < V 2 km, zero if h - 4lkm and positive if b > V 2 km. The graph in the three cases will 
be curved down, not curved, or curved up, respectively. 


13.54: At resonance, Eq. (13.46) reduces to A = A max /b(Z> d . a) -y. b) 2 A r Note that 

the resonance ífequency is independent of the value of b (see Fig. (13.27)). 


13.55: a) The damping constant has the same units as force divided by speed, or 

[kg • m/s 2 ]/[m/s] = [kg/s]. • b)The units of 4km are the same as [[kg/s 2 ][kg]] 1/2 = [kg/s], 

the same as those for b. c) co\ = k/m.(i)bco á = 0.2 k, so A - F m . ix /(0.2k) = 5F mãX /k. 

(ii) bco d = OAk, so A = A max /(0.4 k) = 2.5F mílx /k, as shown in Fig.(13.27). 

13.56: The resonant Ífequency is 

Jkfm = /(2.1 x 10 6 N/m)/l08 kg) = 139 rad/s = 22.2 Hz, 
and this package does not meet the criterion. 



13.57: a) 

a = Aco ’ = í4Mfr)í(3500rev/mi„) Tl_'AOY = 6.72 x 10 5 m/s 1 . 

V 2 y v v30rev/minyy 

b)ma = 3.02 x 10 3 N. c) coA = (3500rev/min)(.05 m) —— mC ^ S 1 =18.3 m/s. 

V30 rev/miny 

K = \mv 2 = (/)(.45 kg)(18.3 m/s) 2 = 75.6 J. d) At the midpoint of the stroke, cos( co t)= 0 
and so cot = nj 2, thus t = n 2oj. co = (3500 rev/min)( 3 / ) = 35 /' T rad/s, so 
t = s. Then P = AK/At, or P = 75.6 j/( 2(3 3 50) s) = 1.76 x 10 4 W. 
e) If the frequency doubles, the acceleration and hence the needed force will quadruple 
(12.1 x 10 3 N). The maximum speed increases by a factor of 2 since vaco , so the speed 
will be 36.7 m/s. Because the kinetic energy depends on the square of the velocity, the 
kinetic energy will increase by a factor of four (302 J). But, because the time to reach the 
midpoint is halved, due to the doubled velocity, the power increases by a factor of eight 
(141 kW). 

13.58: Denote the mass of the passengers by m and the (unknown) mass of the car by M. 
The spring cosntant is then k = mg/Al. The period of oscillation of the empty car is 

T e = In-sjM/k and the period of the loaded car is 



13.59: a) For SF1M, the period, frequency and angular frequency are independent of 
amplitude, and are not changed. b) FromEq. (13.31), the energy is decreased by a factor 
of \ . c) From Eq. (13.23), the maximum speed is decreased by a factor of \ d) Initially, 

the speed at A x /A was ^coA^, after the amplitude is reduced, the speed is 

w^ÂJWÃÃÃf = , so the speed is decreased by a factor of (this result is 

valid at x = -AjA as well). e) The potential energy depends on position and is 
unchanged. From the result of part (d), the kinetic energy is decreased by a factor of 4. 

13.60: This distance L is L = mg/k ; the period of the oscillatory motion is 



which is the period of oscillation of a simple pendulum of lentgh L. 



13.61: a) Rewriting Eq. (13.22) in ternis of the period and solving, 


T = 




2 x 2 


= 1.68 s. 


b) Using the result of part (a), 


x = jA~ - 


í vT V 


\2n j 


= 0.0904 m. 


c) If the block is just on the verge of slipping, the ffiction force is its maximum, 

/ = [i/i = ju s mg. Setting this equal to ma = mA{2n/T ) 2 gives ju s = A(27c/T) 2 /g = 0.l43. 


13.62: a) The normal force on the cowboy must always be upward if he is not holding on. 
He leaves the saddle when the normal force goes to zero (that is, when he is no longer in 
contact with the saddle, and the contact force vanishes). At this point the cowboy is in 
free fali, and so his acceleration is - g ; this must have been the acceleration just before 
he left contact with the saddle, and so this is also the saddle’s acceleration. 
b) x = +a/(2n f ) 2 = +(9.80m/s 2 )/2;r(1.50Hz)) 2 = 0.1 lOm. c) The cowboy’s speed will 

be the saddle’s speed, v = (2 A 2 - x 2 = 2.11 m/s. d) Taldng t = 0 at the time when 
the cowboy leaves, the position of the saddle as a function of time is given by Eq. 

(13.13), withcos 0 = —^—; this is checked by setting t = 0 and finding that 
co A 

x = A- = - The cowboy’s position is x c = x Q + v 0 t - (g/2)t 2 . Finding the time at which 

the cowboy and the saddle are again in contact involves a transcendental equation which 
must be solved numerically; specifically, 

(0.110 m) + (2.1 lm/s)t - (4.90 m/s 2 )t 2 = (0.25 m) cos ((9.42 rad/s)t -1.11 rad), 

which has as its least non-zero solution t = 0.538 s. e) The speed of the saddle is 
(-2.36 m/s) sin {cot + (/>) = 1.72 m/s, and the cowboy’s speed is (2.11 m/s) - (9.80m/s 2 ) 
x (0.538 s) = -3.16 m/s, giving a relative speed of 4.87 m/s (extra figures were kept in 
the intermediate calculations). 


13.63: The maximum acceleration of both blocks, assuming that the top block does not 
slip, is a max = kA / (m + M), and so the maximum force on the top block is 

(^)kA = fi s mg, and so the maximum amplitude is A mm = ju s (m + M) g / k. 



13.64: (a) Momentum conservation during the collision: mv 0 = (2m)V 



2 


(2.00 m/s) 


1.00 m/s 


Energy conservation after the collision: 


-MV 2 = -kx 2 
2 2 


I mV 2 _ 1 (20,0 kg)(l ,00 m/s) 2 
1 ( I 80.0 N/m 


0.500 m (amplitude) 


co = 2 nf = yjk/M 


f 


± m= ±IMME 

2n ' 2n\ 20.0 kg 


0.318 Hz 


T = 


7 


-= 3.14s 

0.318 Hz 


(b) It takes 1/2 period to fírst return: /(3.14 s) = 1.57 s 



13.65: a) m —>m/2 

Splits at x = 0 where energy is all ldnetic energy, E = \mv 2 , so E —» E/2 

k stays same 

E = jkA 2 so A = y/2E/k 

Then E —» e/i means A—> Aj V2 

T = 2n-yjm/k so m —> mj 2 means T —> t/ yfl 

b) m m/2 

Splits at x = A where all the energy is potential energy in the spring, so E doesn’t 
change. 

E = / k/i 1 so A stays the same. 

T = 2 n^jmjk so T —> T/yfY, as in part (a). 

c) In example 13.5, the mass increased. This means that T increases rather than 
decreases. When the mass is added at x = 0, the energy and amplitude change. When the 
mass is added at x = ±A, the energy and amplitude remain the same. This is the same as 
in this problem. 


13.66: a) 



For space considerations, this figure is not precisely to the scale suggested in the 
problem. The following answers are found algebraically, to be used as a check on the 
graphical method. 


b) 


A 



I 2 (0,200 J) 
\ (10.0N/m) 


0.200 m. 


c) -f = 0.050 J.d) If U = \E,x = = 0.141 m.e) From Eq. (13.18), using 



and (j) = arctan (Vo.429) = 0.580 rad. 














13.67: a) The quantity Al is the amount that the origin of coordinates has been moved 
fforn the unstretched length of the spring, so the spring is stretched a distance Al - x (see 
Fig. (13.16 ( c ))) and the elastic potential energy is U el = (l/2 )ât(A/ -x ) 2 . 


b) U = U ei + mg(x - x 0 ) = ~^kx 2 + UaI)- - kAlx + rngx - mgx 0 . 

Since A! = mg / k , the two terms proportional to x cancel, and 


U = ~^kx 2 + ^k(Alf - mgx 0 . 

c) An additive constant to the mechanical energy does not change the dependence 
ofthe force on x, F x - and so the relations expressing NewtoiTs laws and the 
resulting equations of motion are unchanged. 


13.68: The “spring constant” for this wire is k = so 



9.80 m/s" 


2 n V m 2 n V Al 2n \ 2.00 x 10 m 


= 11.1 Hz. 


13.69: a)^- = 0.150 m/s. b) a = x = -0.112 m/s 2 . The time to go from 

equilibrium to half the amplitude is sin cot = (l/2), or cot = n/6 rad, or one-twelfth of a 
period. The needed time is twice this, or one-sixth of a period, 0.70 s. 
d)A/ = ^ = ^ = -^ r = 4.38m. 


(2z/rY 



13.70: Expressing Eq. (13.13) in terms of the frequency, and with (/) = 0, and taking 
two derivatives, 


v v = - 


a, = - 


A 2 n A2 


v 1.50s j 


2?r(0.240m) 
(l.50s) 

(0.240m)cos 


í 


sin 

J \ 
í 


2nt 

1.50s 


2 nt 

V 1.50Sy 


x = (0.240m)cos 
= -(l .00530 m/s) sin 
-(4.2110 m/s 2 )cos| 



a) Substitution gives x = -0.120 m, or using t - y gives x = A cos 120° = =£-. 

b) Substitution gives 

ma x = +(0.0200 kg)(2.106 m/s 2 )= 4.21x10 9 N,in the + x - direction. 

c) f = ^arccos(-^-)= 0.577s. 

d) Using the time found in part (c), v = 0.665 m/s (Eq.(13.22) of course gives the 
same result). 


13.71: a) For the totally inelastic collision, the final speed v in terms of the initial 

speed V = ^2gh is 

v = V = ^2(9.80 m/s 2 )(0.40m)(//-) = 2.57 m/s, or 2.6 m/s to two figures, b) When 
the steak hits, the pan is above the new equilibrium position. The ratio 
/y is v 2 /(k/(m + M )) = 2 ghM 2 /k{m + M ), and so the amplitude of oscillation is 


A 


í Mg V 2 ghM 2 

Y V k J k(m + M ) 

lí (2.2kg)(9.80iu/s 2 ) Y 2(9.80m/ s 2 )(0.40 m)(2.2 kg) 2 
\{ (400 N/m) J + (400 N/m)(2 .4 kg) 

0.206 m. 


(This avoids the intermediate calculation ofthe speed.) c) Using the total mass, 
T = 2 jcJ(m + M)/k = 0.487 s. 



13.72: / = 0.600Hz ,m = 400kg;/ = j^/^gives k - 5685N/m. 

This is the effective force constant of the two springs. 

a) After the gravei sack falis off, the remaining mass attached to the springs is 225 
kg. The force constant of the springs is unaffected, so / = 0.800 Hz. 

To find the new amplitude use energy considerations to find the distance 
downward that the beam traveis after the gravei falis off. 

Before the sack falis off, the amount x 0 that the spring is stretched at equilibrium is 

givenby mg-kx 0 , soi 0 = mg/k = (400 kg)(9.80 m/s 2 )/(5685 N/m) = 0.6895 m. The 
maximum upward displacement of the beam is A = 0.400 m. above this point, so at this 
point the spring is stretched 0.2895 m. 

With the new mass, the mass 225 kg of the beam alone, at equilibrium the spring is 
stretched mg/k = (225 kg) (9.80m/s 2 )/(5685 N/m) = 0.6895 m.The new amplitude is 
therefore 0.3879m - 0.2895m = 0.098m.The beam moves 0.098 m above and below the 
new equilibrium position. Energy calculations show that v = 0 when the beam is 0.098 m 
above and below the equilibrium point. 

b) The remaining mass and the spring constant is the same in part (a), so the new 
frequency is again 0.800 Hz. 

The sack falis off when the spring is stretched 0.6895 m. And the speed of the beam 
at this point is v = Ayfk/m = (0.400m) = ^(5685 N/m)/(400 kg) = 1.508 m/s.. Take y = 0 
at this point. The total energy of the beam at this point, just after the sack falis off, is 
E = K + U d + U g = 4(225 kg)(l.508m/s 2 ) + 4(5695N/m)(0.6895 m) 2 + 0 = 1608 J.Let this 
be point 1. Let point 2 be where the beam has moved upward a distance d and where 
v = 0 . E 2 = 4^(0.6985m -d) 2 + mgd.E x = E 2 gives d = 0.7275m. At this end point of 
motion the spring is compressed 0.7275 m- 0.6895 m =0.0380 m. At the new 
equilibrium position the spring is stretched 0.3879 m, so the new amplitude is 0.3789 m + 
0.0380 m = 0.426 m. Energy calculations show that v is also zero when the beam is 0.426 
m below the equilibrium position. 


13.73: The pendulum swings through 4 cycle in 1.42 s, so T = 2.84 s. L = 1.85 m. 
Use T to find g: 

T - 2n^L/g so g = L(2n/T f = 9.055 m/s 2 
Use g to find the mass M p of Newtonia: 

g = GM p /R 2 

2izR p = 5.14x 10 7 m,so R p = 8.18x 10 6 m 
gR 2 

m=^ = 9.08x10 24 kg 

p G 



13.74: a) Solving Eq. (13.12) for m , and using k = \j 

f T \ 2 Z7 í 1 5 2 


m = 


2n 


F_ 

Ã7 


2 n 


40.0 N 
0.250 m 


= 4.05 kg. 


b) t = (0.35)7, and soi = -,4sin27r(0.35) = -0.0405 m. Since t > j, the mass has 
already passed the lowest point of its motion, and is on the way up. 

c) Taking upward forces to be positive, F spring - mg = -kx, where x is the 
displacement lfom equilibrium , so 

F S p ri ng = -(160 N/m)(-0.030 m) + (4.05 kg)(9.80 m/s 2 ) = 44.5 N. 


13.75: Of the many ways to find the time interval, a convenient method is to take 

(f> = 0 in Eq. (13.13) and find that for x = A/2,cos cot = cos(2tt t/T) = \ and so t = T/6. 
The time interval available is lfom - 1 to t, and 773 = 1.17s. 


13.76: See Problem 12.84; using x as the variable instead of r, 

GM V 

R B 


T7C ^ dU 

F(x)= — = 

dx 


GM v m 2 KJJ.VJ. P 

-—X, SO CO- = - 


r: 


The period is then 
T 


2n Ír7 /6.38x 10 6 m 

- = 2 7T — = 2 7üJ - 

co \ g V 9.80 m/s 


5070 s, 


or 84.5 min. 



13.77: Take only the positive root (to get the least time), so that 



where the integral was taken from Appendix C. The above may be rearranged to show 
that t y = —jy = j, which is expected. 



13.78: a) 


A A 

U = -J F dx = c^ x 3 dx 


c 4 
= —X . 


a) 


From conservation of energy, \mv 2 = f(A 4 - x 4 ) , and using the technique of Problem 
13.77, the separated equation is 


dx 

jA 4 -x 4 



Integrating from 0 to A with respect to x and from 0 to Tj 4 with respect to t, 


í 


dx 

V A 4 - x 4 


íZl 

V 2m 4' 


To use the hint, let u = -j, so that dx = a du and the upper limit of the u - integral is 
u = 1. Factoring A 2 out ofthe square root, 

1 | du _ 1.31 _ I c t 
\32^n ’ 


which may be expressed as T = c) The period does depend on amplitude, and the 

motion is not simple harmonic. 


13.79: As shown in Fig. (l3.5(b)),v = -v tan sin<9. With v tan = Aco and Q = cot + (f>, this is 
Eq. (l3.15). 


13.80: a) Taking positive displacements and forces to be upwad, 
n - mg = ma, a = -(2 nf ) 2 x, so 


n = m(g - {2nf ) 2 A cos((2 nf ) t + tffj. 

a) The fact that the bali bounces means that the bali is no longer in contact with the lens, 
and that the normal force goes to zero periodically. This occurs when the amplitude 
of the acceleration is equal to g, or when 

g = ( 2 AfJ A - 



13.81: a) For the center of mass to be at rest, the total momentum must be zero, so the 
momentum vectors must be of equal magnitude but opposite directions, and the momenta 
can be represented as p and — p. 


b) 


K tot =2x^-= P 

2 m 2(m/2) 


c) The argument of part (a) is valid for any masses. The kinetic energy is 


2 2 2 

K - P I P - P 
2m l Zm 2 2 


m l + m 2 

y m l m 2 j 


P~ 


2 (m l m 2 /(rn l +m 2 )) 



13.82: a) 



b) Setting the above expression for F r equal to zero, the term in square brackets 
vanishes, so that , or R 7 0 = r 1 , and r = R 0 . 

r r 


c) 



= -7.57xl(T 19 J. 
8R 0 


d) The above expression for F r can be expressed as 




e) 


8.39x10 12 Hz. 



13.83: a) 


F,-f = Al 
ax 


1 


1 


r 2 (r-2Rj 

b) Setting the term in square brackets equal to zero, and ignoring Solutions with 
r < 0 or r > 2R 0 ,r = 2R 0 - r, or r = R 0 . 

c) The abo ve expression for F r may be written as 


F r =A 

K 

_A_ 
A 


R, 


o J 


— ~2 

\R-o 


'(i+toF-(i-(V^o)t 2 . 


—[(l-2(x/«o))-(l-(-2)(x/« 0 ))] 


R 


f 4 Al' 


K R o J 


X, 


corresponding to a force constant of k ~ 4 á/R fl \ d) The lfequency of small oscillations 
would be / = ( l/2it)-y]k/m = (1 /a/ mR 0 3 . 


13.84: a) As the mass approaches the origin, the motion is that of a mass attached to a 
spring of spring constant k, and the time to reach the origin is f *Jm/k. After passing 
through the origin, the motion is that of a mass attached to a spring of spring constant 2 k 
and the time it takes to reach the other extreme of the motions is f sjm/2k. The period is 

twice the sum of these times, or T = (l + -k). The period does not depend on the 
amplitude, but the motion is not simple harmonic. B) From conservation of energy, if the 
negative extreme is A' kA 2 = j(2k)A' 2 , so Â = the motion is not symmetric about 
the origin. 



13.85: There are many equivalent ways to find the period ofthis oscillation. Energy 
considerations give an elegant result. Using the force and torque equations, taking torques 
about the contact point, saves a few intermediate steps. Following the hint, take torques 
about the cylinder axis, with positive torques counterclockwise; the direction of positive 
rotation is then such that a= Ra , and the friction force/ that causes this torque acts in 
the -x-direction. The equations to solve are then 

Ma x = -/ - kx, fR = I cm a, a = Rct; 

Which are solved for 

kx _ k 
üx ~ M + l/R 2 (3/2) M X ’ 

where I = I cm - (1/2 )MR 2 has been used for the combination of cylinders. Comparison 
with Eq. (13.8) gives T = ^- = 2n ^3M/2k. 



13.86: Energy conservation during downward swing: 


m 2 gh 0 = \m 2 v 2 

v = yj2gh 0 = -^2(9.8 m/s 2 )(0.100m) = 1.40 m/s 

Momentum conservation during collision: 
m 2 v = (m 2 + m 3 )V 

V = m = v = (2.0° kg)(1.40 m/s) _ 0 56Q m/s 
m 2 + m 3 5.00 kg 

Energy conservation during upward swing: 


Mgh f = —MV 2 

hf = V 2 !lg = (Q ' 56 ° m/S j = 0.0160 m = 1.60 cm 
f ' 6 2(9.80 m/s 2 ) 



> 50.0 cm -1.60 cm = 48.4 cm 


hf= 1.60 cm 


cos 6 


48.4 cm 
50.0 cm 


0 = 14.5° 


J_ IJ_J_ 9.80m/s 2 
2 7T\l 2tt\ 0.500 m 


0.705 Hz 





13.87: 



m l + m 2 


á 2M([l .55 m] /2)+ M(l .55 m + [1 .55 m] !2) ) ^ m 

3 M 

I +1\ +Ii 

I x = \{2M X 1 .55 m) 2 = (l .602 m 2 )m 
4,c m =irM(l.55m) 2 


The parallel-axis theorem (Eq. 9.19) gives 
I 2 = I 2cm + M( 1.55 m + [l .55 m] /2 ) 2 = ( 5 .O 6 m 2 )m 
I -I x +1 2 - (7.208 m 2 )m 

Then T 

This is smaller than T = 2.9 s found in Example 13.10. 


= 2 jrJJj mgd = 2n 


1 

Í7.208 nr 

1 M 

|(3M)(9.80m/s 2 ) 

(l .292 m) 


2.74 s. 



13.88: The torque on the rod about the pivot (with angles positive in the direction 
indicated in the figure) is z = ~(kjd)j. Setting this equal to the rate of change of angular 

momentum, Ia = / ^4 -, 

dt~ 

dt 2 I M 

where the moment of inertia for a slender rod about its center,/ = - x l -ML 2 has been used. 

It folio ws that co 2 — and T - = 2ti^-. 


13.89: The period of the simple pendulum (the clapper) must be the same as that of the 
bell; equating the expression in Eq. (13.34) to that in Eq. (13.39) and solving for L gives 
L = i/md = (18.0 kg • m 2 )/((34.0 kg)(0.60m)) = 0.882 m.Note that the mass of the bell, 
not the clapper, is used. As with any simple pendulum, the period of small oscillations of 
the clapper is independent of its mass. 


13.90: The moment of inertia about the pivot is 2(l/3 )ML 2 = (2/3) ML 2 , and the center of 

gravity when balanced is a distance d = L/(2yÍ2) below the pivot (see Problem 8.95). 
FromEq. (13.39), the lfequency is 

, l = j_ Hg~ i 

T 2n\4^2L 4n\y[2L 


13.91: a )L = g(T /27t) 2 = 3.97 m. b)There are many possibilities. One is to have a 
uniform thin rod pivoted about an axis perpendicular to the rod a distance d from its 
center. Using the desired period in Eq. (13.39) gives a quadratic in d, and using the 
maximum size for the length of the rod gives a pivot point a distance of 5.25 mm, which 
is on the edge of practicality. Using a “dumbbell,” two spheres separated by a light rod of 
length L gives a slight improvement to <7=1.6 cm (neglecting the radii ofthe spheres in 
comparison to the length of the rod; see Problem 13.94). 



13.92: Using the notation = y,-^ = co 2 and taking derivatives of Eq. (13.42) (setting the 
phase angle ^ = 0 does not affect the result), 

x = Ae~ Y> cos co't 

v x = -Ae' 14 (co' sin co' t + y cos co't) 

a x = -Ae-^^co' 2 -y 2 ) cos co't -2co'ysin co' t). 

Using these expression in the left side of Eq. (13.41), 

-kx-bv x = Ae~ rí (-k cos co't + (2 ym)co' sin co' t + 2 my 2 cos co't) 

= mA e~ rt ((2y 2 - co 2 ) cos co't + 2yco' sin co't). 

The factor (2 y 2 - co 2 ) is y 2 - co' 2 (this is Eq. (13.43)), and so 

-kx- bv x = mA e~ n ((y 2 - co' 2 ) cos co' t + 2 yco' sin co't) = ma x . 


13.93: a) In Eq. (13.38), d=x and ífom the parallel axis theorem, 

/ = m(Üj\2 + x 2 ), so co 2 = (L 2^ )+x 2 ■ b) Differentiating the ratio co 2 jg = ^ n)+x i with 
respect to x and setting the result equal to zero gives 


1 

(L 2 /\2) + x 2 


2x 


((L 2 /12)+ x 2 ) 


-, or 


2 x 2 =x 2 +L 2 /U, 


Which is solved forx = l/ yfl2. 


co 


c) When x is the value that maximizes co the ratio — 

g 

so the length is L = =0.430 m. 

co" 


L/yfn 6 _ S 

2(l 2 /12) ~ uVT2 “ L, 



13.94: a) From the parellel axis theorem, the moment of inertia about the pivot point 

is m(l 2 + (lis)!! 2 ). 

Using this in Eq. (13.39), With d = L gives. 

T = 2n\ L + ( 2 / 5 ^ I = 2 tz l^y/l + 2R 2 /5L 2 = T 

V gL Vs 

b) Letting ^/l + 2 R 2 j5L 1 = 1.001 and solving for the ratio L/R (or approximating the 
square root as 1 + R 2 /5L 2 ) gives j = 14.1. 
c) (14. l) (1.270 cm) = 18.0 cm. 

13.95: a) The net force on the block at equilibrium is zero, and so one spring (the one 
with k x = 2.00 N/m) must be stretched three times as much as the one with 
k 2 = 6.00 N/m . The sum of the elongations is 0.200 m, and so one spring stretches 0.150 
m and the other stretches 0.050 m, and so the equilibrium lengths are 0.350 m and 0.250 
m. b) There are many ways to approach this problem, all of which of course lead to the 
result of Problem 13.96(b). The most direct way is to let Ar, = 0.150 m and 
v 2 = 0.050m, the results of part (a). Wlren the block in Fig.(13.35) is displaced a 
distance x to the right, the net force on the block is 

— (Ar, +x)+ k 2 ( Ax 2 ~x)= [AtjAXj -k 2 Ar 2 ]-(k, + k 2 )x. 

From the result of part (a), the term in square brackets is zero, and so the net force is 
- (/q + k 2 )x, the effective spring constant is k cff =k x +k 2 and the period of vibration is 

T = = 0.702 s. 




13.96: In each situation, imagine the mass moves a distance Ax, the springs move 
distancesAx, and Ax 2 , with forces F x --k l Ax l ,F 2 =-k 2 Áx 2 . 

a) Ax = Ax, = Ax 2 , F -F 1 +F 2 - ~{k x + k 2 )Ax, so k e(f = k x + k 2 . 

b) Despite the orientation of the springs, and the fact that one will be compressed when 
the other is extended, Ax = Ax, + Ax 2 , and the above result is still valid; k eS = k x + k 2 . 

c) For massless springs, the force on the block must be equal to the tension in any point 

F F 

of the spring combination, and F = F x - F 2 , and so Ax, =-, Ax., = -, and 

K k 2 


Ax = - 


1 1 

- 1 - 

k\ k 2 j 


F = _ - 1 + F 
k x k 2 


and K, f = 


d) The result of part (c) shows that when a spring is cut in half, the 


effective spring constant doubles, and so the frequency increases by a factor of V2. 


13.97: a) Using the hint, 

T + AT * 2njL íg- 1/2 -- g~ m Á^\ = T- T , 

\ 2 J 2 g 

so AT = -(l/2\T/g)Ag. This result can also be obtained ffom T 2 g = 47t 2 Z, ífom which 
(2.TAT)g + T 2 Ag = 0. Therefore, ^ b) The clock runs slow; AT > 0, Ag < 0 


A 2 A T^ 


(9.80m/s 2 ) [l- 2 ( 4 - QQs ) 
v ’ y (86,400 s) 


= 9.7991 m/s 2 . 


and g + Ag =g 



13.98: Denote the position of a piece of the spring by /; / = Ois the fixed point and 
/ = Z is the moving end of the spring. Then the velocity of the point corresponding to /, 

denoted u, is u{l ) = v— (when the spring is moving, / will be a function of time, and so 
Z 

u is an implicit ftmction of time), a) dm = ^ dl , and so 


1 , 1 Mv , 

dK = —dm u 2 =--—Z dl, 

2 2 Z 3 

and 

K=\ dK = ^\l 2 dl = —. 

J 2Z 3 l 6 

b) + kx^ = 0, or ma + kx - 0, which is Eq. (l 3.4). c) m is replaced by so 
co = yfjfandM' = -f. 


13.99: a) With/ = (l/3 )ML 2 and d = Z/2 in Eq. (13.39), T 0 = 2x^2L/3g. With the 
addedmass, I = Af((z 2 / 3 )+ y 2 ), m = 2 M and d = (Z/4) + y/2, T = 2n 
x ^(Z 2 /3 + y 2 )/(g(Z/2 + y)) and 


r_ = | e 2 +3 y 2 

Z 0 v Z 2 + 2yZ ' 



b) From the expression found in part a), T = T 0 when y = |Z. At this point, a simple 
pendulum with length y would have the same period as the meter stick without the 
added mass; the two bodies oscillate with the same period and do not affect the other’s 
motion. 















13.100: Let the two distances from the center of mass be d ] and d 2 . There are then two 
relations of the form of Eq. (13.39); with /, = 7 cm + mdf and 1 1 = 7 cm + md 2 , these 
relations may be rewritten as 

mgd\T 2 = 4tt 2 (/ cm + md 2 ) 
mgd 2 T 2 = 47T 2 (/ cm + md\ ). 

Subtracting the expressions gives 

mg(d i - d 2 )T 2 = 4n 2 m{d 2 - dl ) = An 2 m{d x - d 2 )(d l + d 2 ), 
and dividing by the conmion factor of m(d í - d 2 ) and letting d l +d 2 - L gives the 
desired result. 


13.101: a) The spring, when stretched, provides an inward force; using to' 2 1 for the 
magnitude of the inward radial acceleration, 

mco'l = k{l -1 0 ), or / = — — i2 . 

k - meo 

b) The spring will tend to become unboundedly long. 

13.102: Let r = R 0 + x, so that r -R 0 =x and 

F = A[e~ 2bx -e~ bx ]. 

When v is small compared to b 1 , expanding the exponential flinction gives 

F « A [(l - 2 bx) - (l - òv)] = -Abx, 


corresponding to a force constant of Ab = 579.2 N/m or 579 N/m to three figures. This 
close to the value given in Exercise 13.40. 



Capítulo 14 



14 . 1 : w = mg = pVg 

= (7.8 xlO 3 kg/m 3 )(0.858 m);r(l.43x 1CT 2 m) 2 (9.80m/s 2 )= 41.8 N 
or 42 N to two places. A cart is not necessary. 


14 . 2 : 


m m 



(7.35 x1o 22 kg) 
|7r(l.74xl0 6 m) 3 


3.33xlO 3 kg/m 3 . 


14 . 3 : p = f = 7 — <°- Q158kg ) — - = 7.02 x 10 3 kg/m 3 . You were cheated. 

r V (5.0x15.0x30.0) mm 3 &/ 


14 . 4 : The length L of a side of the cube is 


Z = F y = 


f \ 

m 

i f 


V 


40.0 kg 


21.4x10 3 kg/m 3 


= 12.3 cm. 


14 . 5 : m = pV = jnr p 

Same mass means r a 3 /J a = i]p t (a = aluminum, 1 = lead) 


r pX ( 11.3xl0 3 ^ 1/3 


vfty 


2.7 xlO 3 


= 1.6 


14 . 6 : a) 


D M sun 1.99x10 30 kg 1,99x10 30 kg 
“ Kun ~ y^(ó.96x 10 8 m) 3 _ 1.412xlO 27 m 3 
= 1.409x10 3 kg/m 3 


b) 


1.99x10 30 kg 
|tt(2.00x 10 4 m) 
= 5.94x 10 16 kg/m 3 


1.99x10 30 kg 
3.351 xl0 13 m 3 


0.594x10 17 kg/m 3 


14 . 7 : P~ Po = pgh 


h 


P-P 0 
Pg 


l.OOx 10 5 Pa 

(1030kg/m 3 ) (9.80m/s 2 ) 


9.9 lm 



14 . 8 : The pressure difference between the top and bottom of the tube must be at least 
5980 Pa in order to force fluid into the vein: 

pgh = 5980 Pa 

5980Pa 5980 N/m 2 


h = 


gh (1050 kg/m 3 ) (9.80 m/s 2 ) 


= 0.58 lm 


14 . 9 : a) pgh = (ó00kg/m 3 )(9.80m/s 2 )(0.12m) = 706Pa. 

b) 706 Pa + (l 000 kg/m 3 )(9.80 m/s 2 )(0.250m) = 3.16 x 10 3 Pa. 


14 . 10 : 

is 


a) The pressure used to fmd the area is the gauge pressure, and so the total area 


(16.5xlQ 3 N) 
(205xlO 3 Pa) 


805 cm 2 ■ 


b) With the extra weight, repeating the abo ve calculation gives 1250 cm 2 . 


14 . 11 : a)pgh = (1.03 xlO 3 kg/m 3 )(9.80 m/s 2 )(250m) = 2.52 x 10 6 Pa. b) The pressure 
difference is the gauge pressure, and the net force due to the water and the air is 
(2.52 x 10 6 Pa)(7r(0.15 m) 2 ) = 1.78 x 10 5 N. 

14 . 12 : p = pgh = (l.OOxlO 3 kg/m 3 )(9.80m/s 2 )(640m) = 6.27xl0 6 Pa = 61.9 atm. 

14 . 13 : a)/? a + pgy 2 =980xl0 2 Pa + (13.6xl0 3 kg/m 3 )(9.80m/s 2 )(7.00xl0“ 2 m) = 

1.07 x 10 5 Pa. b) Repeating the calcultion with y = y 2 - y l = 4.00 cm instead of 
y 2 gives 1.03 x 10 5 Pa. c) The absolute pressure is that found in part (b), 1.03 x 10 5 Pa. 
d) (y 2 - ) pg = 5.33 x 10 3 Pa (this is not the same as the difference between the results of 

parts (a) and (b) due to roundoff error). 


14 . 14 : pgh = (1.00 x 10 3 kg/m 3 )(9.80 m/s 2 )(6.1 m) = 6.0 x 10 4 Pa. 



14 . 15 : With just the mercury, the gauge pressure at the bottom of the cylinder 

is p = p 0 + p m gh m . With the water to a depth h w , the gauge pressure at the bottom of the 

cylinder is p = p 0 + p m gh m + p w gh w . If this is to be double the first value, then 
Py,gK = Pmghm. 

K = h m (pjp v ) = (0.0500 m)(l 3.6 x 10 3 /l -00 x 10 3 ) = 0.680m 
The volume of water is 

V = hA = (0.680m)(12.0x 10 4 m 2 ) = 8.16x10 4 m 3 = 816 cm 3 


14 . 16 : a) Gauge pressure is the excess pressure above atmospheric pressure. The 
pressure difference between the surface of the water and the bottom is due to the weight 
of the water and is still 2500 Pa after the pressure increase above the surface. But the 
surface pressure increase is also transmitted to the fluid, making the total difference fforn 
atmospheric 2500 Pa+1500 Pa = 4000 Pa. 

b) The pressure due to the water alone is 2500 Pa= pgh. Thus 


2500 N/m 2 

(1000 kg/m 3 ) (9.80 m/s 2 ) 


0.255 m 


To keep the bottom gauge pressure at 2500 Pa after the 1500 Pa increase at the surface, 
the pressure due to the water’s weight must be reduced to 1000 Pa: 

1000 N/m 2 


h = 


(1000 kg/m 3 )(9.80 m/s 2 ) 


= 0.102 m 


Thus the water must be lowered by 0.255 m - 0.102 m = 0.153 m 


14 . 17 : The force is the difference between the upward force of the water and the 
downward forces of the air and the weight. The difference between the pressure inside 
and out is the gauge pressure, so 

F = (pgh) A - w = (1.03 x 10 3 ) (9.80 m/s 2 ) (30 m) (0.75 m 2 ) - 300 N = 2.27 x 10 5 N. 

14 . 18 : [l30x 10 3 Pa + (1,00x 10 3 kg/m 3 )(3.71 m/s 2 )(14.2m) -93x 10 3 Pa](2.00m 2 ) 

= 1.79xl0 5 N. 



14 . 19 : The depth of the kerosene is the difference in pressure, divided by the product 


mg 

Pg = —, 


h _ (16.4 xl0 3 N)/(0.0700m 2 )- 2.01 xlO 5 Pa _ 
(205 kg)(9.80m/s 2 ) /(0.250m 3 ) 


,420- n F mg (1200 kg)(9.80 m/s 2 ) 
P A n{d/2) 2 tt( 0.15 m) 2 


= 1.66x10 5 Pa = 1.64 atm. 


14 . 21 : The buoyant force must be equal to the total weight; p watcr Fg = p KC Vg + mg, so 


V = ■ 


m 


45.0 kg 


Pwater “ Pice 1 000 k 8 111 “ 920 kg/111 


= 0.563 m 3 , 


or 0.56 m 3 to two figures. 


14 . 22 : The buoyant force is B - 17.50 N -11.20 N = 6.30 N, and 


V 


B 


P walciF 


_ (6.30 N) _ 

(l.OOxlO 3 kg/m 3 )(9.80m/s 2 ) 


6.43x IO -4 m 3 . 


The density is 


P 


m 


V 


w/g 

5 /pwater& 


P 


water 


w 

B 


(1.00x10 3 kg/m 3 ) 


^ 17 . 50 ' 
v 6.30 , 


2.78xlO 3 kg/m 3 . 



14.23: a) The displaced fluid must weigh more than the object, so p< p llllld . b) If the 
ship does not leak, much of the water will be displaced by air or cargo, and the average 
density of the floating ship is less than that of water. c) Let the portion submerged have 

volume V, and the total volume be V 0 . Then, pV o = p fluid V, so -f- = ■ The fraction 

above the fluid is then 1 - jr~. If p —> 0, the entire object floats, and if/? —» /? fluid , none 

Mluid 

of the object is above the surface. d) Using the result of part (c), 

{ P x (0.042kg)/(5.0x4.0x3.0xlQ- 6 m 3 ) Q 
P fiuid 1030 kg/m 3 


14.24: a)B = p water gV = (l.00xl0 3 kg/m 3 )(9.80m/s 2 )(0.650m 3 )=6370N. 

b) m = = 6370N - 9 . 00N = 558 kg. 

7 g S 9.80 m/s 2 ° 

c) (See Exercise 14.23.) Ifthe submerged volume is V, 


V' = —^—and — = - 


W 


5470N 


:r g 


v P,^gV 6370 N 


= 0.859 = 85.9%. 


14.25: a) p oú gh oú = 116 Pa. 

b) ((790 kg/m 3 )(0.100m) + (l000 kg/m 3 )(0.0150m))(9.80 m/s 2 ) = 921 Pa. 

c) m = — = ^ bottom ~ Ptop ^ = ( 805 Pa )( 0 - 10Q m ) = o 822 kg. 

g g (9.80 m/s 2 ) 

The density of the block is p = ^' 8 i 22k ^ l = 822 Note that is the same as the average 
density ofthe fluid displaced, (0.85)(790kg/m 3 )+(0.15)(1000kg/m 3 ). 



14.26: a) Neglecting the density of the air, 


m _wjg _ w 
P P gp 


_ (89 N) _ 

( 9 . 8 O in/s 2 )(2.7 x l () 5 kg/ nr') 


3.36x10 3 m 3 , 


or 3.4 x 10 3 m 3 to two figures. 


b )T = w-B = w - gp W3ter V = co 




r 

I_ water 

V P aluminum, 


= (89 N) 


1 - 


1.00 

2.7 


= 56.0 N. 


14.27: a) The pressure at the top of the block is p = p 0 + pgh, where h is the depth of 

the top of the block below the surface. h is greater for block B , so the pressure is greater 
at the top of block B . 

b) B = p n V ílh) g. The blocks have the same volume F obj so experience the same 
buoyant force. 

c) T-w + B = 0 so T = w-B. 

w = pVg. The object have the same V but p is larger for brass than for aluminum so 
w is larger for the brass block. B is the same for both, so T is larger for the brass block, 
block B. 


14.28: The rock displaces a volume of water whose weight is 39.2N - 28.4N = 10.8N. 
The mass of this much water is thus 10.8N/9.80m/s 2 = 1.102kg and its volume, equal to 
the rock’s volume, is 


1.102 kg 
1.00x10 3 kg/m 3 


1.102x10 3 m 3 


The weight of u nkn own liquid displaced is 39.2 N -18.6 N = 20.6 N, and its mass is 
20.6 N/9.80 m/s 2 = 2.102 kg. The liqukfs density is thus 2.102kg/l.l02xl0" 3 m 3 
= 1.91 x 10 3 kg/m 3 , or roughly twice the density of water. 


14.29: 

A 


V l A l = V 2 A 2’ V 2= V AA/A) 

2 ( 

n( 0.80) 2 


= ^(0.80cm) , yl 2 = 207r(0.10cm)" 


= (3.0 m/s) 


20tt(0. 10) 2 


9.6 m/s 



14.30: 


v, = v, 


4 _ (3.50m/s)(0.0700m 2 ) _ 0.245 m 3 /s 
A 2 A 2 A 2 


a) (i) A 2 = 0.1050 m 2 , v 2 = 2.33 m/s. (ii) A 2 - 0.047m 2 , v 2 = 5.21m/s. 

b) Vj Af = v 2 A 2 t = (0.245 m 3 /s) (3600s) = 882m 3 . 


dVjdt (1.20 m 3 /s) 

14.31: a) v = — L — = -- —^ = 16.98. 

A ^ (0.150 m) 2 


b) r 2 = r x y]v l /v 1 = y](dV/dt)/7rv 2 =0.317 


m. 


14.32: a) From the equation preceding Eq. (14.10), dividing by the time interval dt 
gives Eq. (14.12). b) The volume flow rate decreases by 1.50% (to two figures). 


14.33: The hole is given as being “small,”and this may be taken to mean that the 
velocity of the seawater at the top of the tank is zero, and Eq. (14.18) gives 

v = ^j2(gy + (p/p)) 

=^2((9.80 m/s 2 )(11.0 m) + (3.00)( 1.013 x 10 5 Pa)/( 1.03 x 10 3 kg/m 3 )) 

= 28.4 m/s. 

Note thaty = 0 and p = p ã were used at the bottom of the tank, so that p was the given 
gauge pressure at the top of the tank. 


14.34: a) From Eq. (14.18), v = yjlgh = -^2(9.80 m/s ? )(14.0m) = 16.6 m/s. 

b) vA = (16.57 m/s)(ff(0.30x 10 2 m) 2 ) = 4.69 x 10 4 m 3 /s. Note that an extra figure 
was kept in the intermediate calculation. 


14.35: The assumption may be taken to mean that v, = Oin Eq. (14.17). At the 
maximum height, v 2 = 0, and using gauge pressure for p x and p 2 ,p 2 = 0 (the water is open 
to the atmosphere), p x = pgy 2 =1.47 xlO 5 Pa. 



14.36: Usingv 2 = ^VjinEq. (14.17), 


P 2 =Pi+ -P(vf - v 2 2 ) + pg(y l -y 2 ) = p l +p 

15 


05 ^ 


V 32y 


( + &(Ti-t 2 ) 


= 5.00 x 10 4 Pa + (1.00x10 3 kg/m 3 ) ^—(3.00 m/s) 2 + (9.80 m/s 2 )(l 1.0 m) 
= 1.62xl0 5 Pa. 


14.37: Neglecting the thickness of the wing (so that y, = y 2 in Eq. (14.17)), the pressure 
difference is Ap = (l/2)/;(vf - vf) = 780 Pa. The net upward force is then 
(780Pa)x (16.2 m 2 ) —(1340kg)(9.80 m/s 2 ) - -496N. 


14.38: a) (220 g/' 3 f kg) = 1.30 kg/s. b) The density of the liquid is 

— 0,355k 3 s 3 = 1000 kg/m 3 , and so the volume flow rate is 

0.355xl0~ 3 m 3 &/ ? 


1,30 k ^ s 3 = 1.30 x 10 3 m 3 /s = 1,30L/s. This result may also be obtained 

1000kg/m 3 ' ' J 


ffom 


(220)(0.355 L) 
60.0 s 


1.30 L/s. c) v, 


1.30xl0~ 3 m 3 /s 
2.00x10 4 m 3 


= 6.50m/s,v 2 = Vj/4 = 1.63 m/s. 
d) Pi = Pi + ^ p( v 2 2 - vf ) + pg{y 2 - T| ) 

= 152 kPa + (1/2)(l000kg/m 3 )((1.63 m/s) 2 -(6.50m/s) 2 ) 

+ (l000 kg/ m )(9.80 m/s 2 )(-1.35m) 

= 119 kPa 


14.39: The water is discharged at a rate of v t = 2 ^ = 0.352 m/s. The pipe is 

given as horizonatal, so the speed at the constriction is v 2 = -/vf + 2A pj p = 8.95 m/s, 
keeping an extra figure, so the cross-section are at the constriction is 
4 ' 65 g x f° m/f /S = 5.19 x 10 5 m 2 , and the radius is r = / A/n = 0.41 cm. 



14.40: FromEq. (14.17), with y, = y 2 , 


Pi= Px+^P^l-ví) 


= P' + \ P I 


3 2 

= P\ +^P V 1 


1.80x 10 4 Pa + —(l.OOx 10 3 kg/m 3 )(2.50 m/s) 2 =2.03xl0 4 Pa, 


V] 

where the continutity relation v 2 = has been used. 


14.41: Let point 1 be where i\ = 4.00 cm and point 2 be where r 2 = 2.00 cm. The 
volume flow rate has the value 7200cm 3 /s at all points in the pipe. 

Vj A 1 = VjOT-j 2 = 7200 cm 3 , so Vj = 1.43 m/s 
v 2^2 = v 2 nr i = 7200cm 3 ,so v 2 = 5.73 m/s 

1 2 1 2 

Pi + PgVx + -pvj = P 2 + pgy 2 + -pv 2 - 

y l = y 2 and p 2 = 2.40x 10 5 Pa, so p 2 = p { + f - v 2 ) = 2.25 x 10 5 Pa 

14.42: a) The cross-sectional area presented by a sphere is ?r^,therefore 
F = (p (} - p)Jc-P^-. b) The force on each hemisphere due to the atmosphere is 
ar(5.00xl0 -2 m) 2 (l.013xl0 5 Pa)(0.975) = 776N. 


14.43: a) pgh = (l.03xl0 3 kg/m 3 )(9.80xm/s 2 )(l0.92xl0 3 m)=1.10xl0 8 Pa. 
b) The ffactional change in volume is the negative of the ffactional change in density. 

The density at that depth is then 

p = p 0 { 1 + kAp) = (l.03 x 10 3 kg/m 3 )(l + (l. 16x 10 8 Pa)(45.8 x 1O^ 11 Pa" 1 )) 

= 1.08xlO 3 kg/m 3 , 

A ffactional increase of 5.0%. Note that to three figures, the gauge pressure and absolute 
pressure are the same. 



14.44: a) The weight of the water is 


pgV = (l.00 x 10 3 kg/m 3 )(9.80 m/s 2 )((5.00m)(4.0m)(3.0m)) = 5.88x 10 5 N, 

or5.9 x 10 5 N to two figures, b) Integration gives the expected result the force is what it 
would be if the pressure were uniform and equal to the pressure at the midpoint; 

F = PgÁ^ 

= (l.00xl0 3 kg/m 3 )(9.80 m/s ! )((4.0 m) (3.0 m)) (l.50 m) = 1.76 x 10 5 N, 
or 1.8x10 5 N to two figures. 


14.45: Let the width be w and the depth at the bottom of the gate be/7. The force on a 
strip of vertical thickness dh at a depth h is then dF = pgh(wdh ) and the torque about 
the hinge is dz = pgwh(h - H/2)dtr, integrating ffom h = 0 to h = H gives 
r = pgcoH 2 / 12 = 2.61xl0 4 N-m. 

14.46: a) See problem 14.45; the net force is I dF ffom 

h = 0 to h = H,F = pgcoH 2 /2 = pgAH /2, where A = coH. b) The torque on a strip of 
vertical thickness dh about the bottom is dz = dF(H - h) = p gwh{H - h)dh, and 
integrating ffom h = 0 to h = H gives r = pgwH /ó = pgAH 2 / 6. c) The force depends 
on the width and the square of the depth, and the torque about the bottom depends on the 
width and the cube of the depth; the surface area of the lake does not affect either result 
(for a given width). 


14.47: The acceleration due to gravity on the planet is 

A p _ A p 


g = 


pd 


and so the planet’s mass is 


M = 


gR 2 _ A pVR 2 


G 


mGd 



14.48: The cylindrical rod has mass M, radius R, and length L with a density that is 
proportional to the square of the distance from one end, p-Cx 2 . 

a )M = | pdV = | Cx 2 dV. The volume element dV = tzR 2 dx. Then the integral 


becomes M = \ L 0 Cx 2 rcR 2 dx. Integrating gives M = CnR 2 x 2 dx = CnRx —. Solving 


for C,C = 3M/xR 2 L 3 . 

b) The density at the x = L end is p = Cx 2 = (^rpl^ 2 ) = (ypy) The denominator is 

just the total volume V, so p = 3 M/V, or tlrree times the average density, M/F. So the 
average density is one-third the density at the x = L end of the rod. 



14.49: a) At r = 0, the model predicts p- A = 12,700 kg/m 3 and at r = R, the model 
predicts 

p = A-BR = 12,700 kg/m 3 -(1.50xl(T 3 kg/m 4 )(6.37x 10 6 m) = 3.15xl0 3 kg/m 3 . 


b), c) 


M = | dm = 4tt| [A - Br]r 2 dr = 4 n 


~ AR 3 

BR 4 " 


r 4nR 3 } 

A- 

3 BR~ 

3 

4 


{ 3 J 

4 


4^(6.37 x 10 6 m) 3 


= 5.99x10 24 kg, 


/L 


12,700 kg/m 3 - 3(l-50xl0- 3 kg/V)(6.37xl0»m) 


which is within 0.36% of the earth’s mass. d) If m (r) is used to denote the mass 
contained in a sphere ofradius r, then g = Gm(r)/r 2 . Using the same integration as 
that in part (b), with an upper limit of r instead of R gives the result. 


e) g = 0 at r = 0, and g at r = R, g = Gm(R)/R 2 = (6.673x10 11 N ■ m 2 /kg 2 ) 
(5.99 xlO 24 kg)/(6.37xl0 6 m) 2 =9.85 m/s 2 . 


dg_ 

(4nG^ 

d 

, 3 Br 2 " 

A p 


f 4;rG^| 

^ 35r“ 

/I 

dr 

1 3 J 

dr 

Al / 

4 


1 3 J 

Al 

2 


setting ths equal to zero gives r = 2A/32? = 5.64 x 10 6 m, and at this radius 
r 4 jtGY 2A^ 


g = 


V -3 , 
4 nGA 2 
9 B 


v3 Bj 


A- 


u j 


v3 Bj 


4^(6.673 xlO~ N -m/kg) (12,700 kg/m ) = 1Q Q2 , 2 
9(1.50x10 3 kg/m 4 ) ' ; 



14.50: a) Equation (14.4), with the radius r instead ofheight y, becomes 

dp - -pg dr = -pg s (r/R)dr. This forni shows that the pressure decreases with increasing 

radius. Integrating, with p = 0 at r = R, 


P 


[r dr = ^ [ R r dr = ^( R 2 - r 2 ) 
R R 2 R 


b) Using the abo ve expression with r - 0 and p = \f = y/y, 


3(5.97 x 10 24 kg)(9.80 m/s 2 ) 
P{ ~ 8ff(6.38xl0 6 m) 2 


1.71x1o 11 Pa. 


c) While the same order of magnitude, this is not in very good agreement with the 
estimated value. In more realistic density models (see Problem 14.49 or Problem 9.99), 
the concentration of mass at lower radii leads to a higher pressure. 

14.51: a) p water g/7 water = (1.00x10 3 kg/m 3 )(9.80m/s 2 )(15.0xl0- 2 m) = 1.47xl0 3 Pa. 
b) The gauge pressure at a depth of 15.0 cm - h below the top of the mercury column 
must be that found inpart (a); p llg g( 15.0cm - h) = p walc ,g(l 5.0 cm), which is solved for 
h = 13.9 cm. 


14.52: Following the hint, 


F = í ( pgy)(2nR)dy = pgnRh 2 

J O 

where R and h are the radius and height of the tank (the fact that 2 R = h is more or less 
coincidental). Using the given numerical values givesF = 5.07 xl0 s N. 


14.53: For the barge to be completely submerged, the mass of water displaced would 
need to be p water F = (1.00xl0 3 kg/m 3 )(22x 40x 12 m 3 ) = 1.056x 10 7 kg. The mass of the 
barge itself is 

(7.8 x 10 3 kg/m 3 )((2(22 + 40) x 12 + 22 x 40) x 4.0x 10 2 m 3 ) = 7.39 x 10 5 kg, 

so the barge can hold 9.82 xlO 6 kg of coai. This mass of coai occupies a solid volume of 
6.55 x 10 3 m 3 , which is less than the volume of the interior of the barge (1.06x 10 4 m 3 ), 
but the coai must not be too loosely packed. 



14.54: The difference between the densities niust provide the “lift” of 5800 N (see 
Problem 14.59). The average density of the gases in the balloon is then 


P ave 


1.23 kg/m 3 - 


(5800 N) 

(9.80 m/s 2 )(2200m 3 ) 


0.96 kg/m 3 . 


14.55: a) The submerged volume V is w , so 

F water o 

V_i^^K ss S = ^n_ = -(?00^-— = 0.30 = 30%' 

V V p water F (l.OOxlO 3 kg/m 3 )(3.0m 3 ) 

b) As the car is about to sink, the weight of the water displaced is equal to the weight 
of the car plus the weight of the water inside the car. If the volume of water inside the car 
is V ", 


„ t V , W 

V P W aterS = W + V P,a,er§^ 0r ~ = 1 “ -- 

V VP«aterg 


1-0.30 = 0.70 = 70%- 


14.56: a) The volume displaced must be that which has the same weight and mass as 
the ice, 9 70 gm = 9.70 cm (note that the choice of the form for the density of water 

’l.00gm/cm 3 v J 

avoids conversion of units). b) No; when melted, it is as if the volume displaced by the 
9.70 gm of melted ice displaces the same volume, and the water levei does not change. 

c) 9 ’ 7Qgm , = 9.24 cm 3 • d) The melted water takes up more volume than the salt water 

displaced, and so 0.46 cm 3 flows over. A way of considering this situation (as a thought 
experiment only) is that the less dense water “floats” 011 the salt water, and as there is 
insufficient volume to contain the melted ice, some spills over. 



14.57: The total mass of the lead and wood must be the mass of the water displaced, or 


VpbP Pb + ^wood P wood (^Pb + ^wood)P 


water 5 


solving for the volume V pb , 


V =V 

r Pb r wood 


P 


water P wood 


P Pb P water 


= (1.2x10" 2 m 3 ) 


1.00 x 10 3 kg/m 3 -600 kg/m 3 
11.3 x1o 3 kg/m 3 -1.00x10 3 kg/m 3 


= 4.66x 10” 4 m 3 , 


which has a mass of 5.27 kg. 


14.58: The lfaction /of the volume that floats above the fluid is / = 1 - 


P 


P 


fluid 


where p is the average density of the hydrometer (see Problem 14.23 or Problem 14.55), 
wh,ch ca„ be expressed as P p Thus. if .w„ fluids are observed «o have 

1 - f 

floating lfaction f\ and f 2 , p 2 = p l -—. In this form, it’s clear that a larger f 2 

1 — í 2 

corresponds to a larger density; more of the stem is above the fluid. Using 

(8.00 cm)(0.400 cm 2 ) _ A 0/10 -f _ (3.20 cm)(0.400 cm 2 ) 


/=■ 


= 0.242, f 2 =- 


(13.2 cm J ) 7 J z (13.2 cm ) 

Paicohol = (0.839) p water = 839 kg/m 3 . 


= 0.097 gives 


14.59: a) The “lift” is F(p air - p u )g, ffom which 


V = ■ 


120,000 N 


(1.20 kg/m 3 -0.0899 kg/m 3 )(9.80 m/s 2 ) 


= 1 l.Ox 10 3 m 3 . 


b) For the same volume, the “lift” would be different by the ratio of the density 
differences, 


(120,000 N) 


/ _ A 

P air _ P He 


Pmx Ph 


= 11.2x10 N. 


2 / 


This increase in lift is not worth the hazards associated with use of hydrogen. 



14.60: a) Archimedes’ principie States pgLA = Mg, so L = —. 

pA 

b) The buoyant force is pgA(L + x) = Mg + F, and using the result of part (a) and 
solving for x gives x = 

c) The “spring constant,” that is, the proportionality between the displacement x and 
the applied force F, is k = pgA, and the period of oscillation is 


T = 




14.61: a )* = -^ =-=£- = -?L -- =0.107 m. 

PgA PgA pA (l .03 x 10 kg/nr )ff(0.450 m) 

b) Note that in part (c) of Problem 14.60, M is the mass of the buoy, not the mass of 
the man, and A is the cross-section area of the buoy, not the amplitude. The period is then 


T = 2n 


(950 kg) 


\ (l.03xl0 3 kg/m 3 )(9.80m/s 2 )a:(0.450in) 2 


= 2.42 s. 



14.62: To save some intermediate calculation, let the density, mass and volume ofthe 
life preserver be p 0 ,m and v, and the same quantities for the person be p x ,M and V. 
Then, equating the buoyant force and the weight, and dividing out the common factor of 


g. 


Avater(( 0 - 80 ) F + V )=AT + A^ 


Eliminating V in favor of p x and M, and eliminating m in favor of p 0 and v, 

í w V 

p 0 v + M = p watei 


Solving for p 0 , 

/ 

1 


Po =■ 


/^water 

V v 


(0.80)—+ v 
Px 


-M 


M 


P water 


1 — (0.80) 


J ) 
\ 

/'water 


Px 


= 1.03 x 10 3 kg/m 3 - 75,0 kg 3 
' 0.400 m 3 

= 732 kg/m 3 ■ 


(0.80)— + v 
A , 


1 - (0.80) 


1.03x10 3 kg/m 
980 kg/m 3 


3 A 


14.63: To the given precision, the density of air is negligible compared to that of brass, 
but not compared to that of the wood. The fact that the density of brass may not be 
known the tlrree-figure precision does not matter; the mass of the brass is given to three 
figures. The weight of the brass is the difference between the weight of the wood and the 
buoyant force of the air on the wood, and canceling a common factor of 

Kood (Pwood - Aiir) = ^brass, aild 


v-1 


■^^wood Pwood^wooâ ^^brass 


P wood _ 

Pwooá P air 


brass 


1 -- 


P wood 


f 


= (0.0950 kg) 


1- 


1.20 kg/m 3 
150 kg/m 3 J 


0.0958 kg. 


v 



14.64: The buoyant force on the mass A, divided 

byg, must be 7.50 kg -1.00 kg -1.80 kg = 4.70 kg (see Example 14.6), so the mass block 
is 4.70 kg + 3.50kg = 8.20kg.a) The mass of the liquid displaced by the block is 
4.70 kg, so the density of the liquid is - = 1 .24 x 10 3 kg/m 3 . b) Scale D will read 

the mass of the block, 8.20 kg, as found above. Scale E will read the sum of the masses of 
the beaker and liquid, 2.80 kg. 

14.65: Neglecting the buoyancy of the air, the weight in air is 

^PaAu+Pa/^^S.ON. 

and the buoyant force when suspended in water is 

P water (^Au + V AX )g = 45.0 N - 3 9.0 N = 6.0 N. 

These are two equations in the two unknowns V Au and V A1 . Multiplying the second by 
p A1 and the frrst by /? water and subtracting to eliminate the V AX temi gives 

PwateAug (Pau ~ Pm) = Pwater( 4 5-0 N) - P A1 (6.0 N) 

O'» = =- -rP -:(/>».,.,(45.0 N) - /)„„( 6.0)) 

P water V/^Au -Pm) 

= --((1,00)(45.0 N) - (2.7)(6.0 N)) 

(1.00)(19.3-2.7) 

= 33.5 N. 

Note that in the numerical determination of w Au , specific gravities were used instead of 
densities. 



14.66: The balfs volume is 


V = | Kr 3 = |;r( 12.0 cm) 3 = 7238 cm 3 

As it floats, it displaces a weight of water equal to its weight. a) By pushing the bali 
under water, you displace an additional amount of water equal to 84% ofthe balfs 
volume or (0.84)(7238 cm 3 ) = 6080cm 3 . This much water has a mass of 
6080 g = 6.080 kg and weighs (6.080 kg)(9.80 m/s 2 ) = 59.6 N, which is how hard you TI 
have to push to submerge the bali. 

b) The upward force on the bali in excess of its own weight was found in part (a): 
59.6 N. The balfs mass is equal to the mass of water displaced when the bali is floating: 

(0.16)(7238 cm 3 )(1.00 g/cm 3 ) = 1158 g = 1.158 kg, 


and its acceleration upon release is thus 


a = 


m 


59.6 N 
1.158 kg 


51.5 m/s 2 


14.67: a) The weight of the crown of its volume Vis w - p crmvn g V , and when 

suspended the apparent weight is the difference between the weight and the buoyant 
force, 


f w = fp cmwn g v = (P C 


r )gV. 


Dividing by the common factors leads to 

— n + n = fn or ^ crown =- 

r water r crown Jr crown i /• * 

P water J 

As / —> 0,the apparent weight approaches zero, which means the crown tends to float; 
lf om the abo ve result, the specific gravity of the crown tends to 1. As / —> 1, the 
apparent weight is the same as the weight, which means that the buoyant force is 
negligble compared to the weight, and the specific gravity of the crown is very large, as 
reflected in the abo ve expression. b) Solving the abo ve equations for / in terms of the 
specific gravity, / = 1 - and so the weight of the crown would be 

(l - (l/19.3)) (l2.9 N) = 12.2 N. c) Approximating the average density by that of lead for a 
“thin” gold plate, the apparent weight would be (l - (l/l 1.3))(l 2.9 N) = 11.8 N. 



14 . 68 : a) See problem 14.67. Replacing/with, respectively, vv watcr /wand w tluid /w gives 


Ps.ee! _ W PsteeI _ ™ 

Pfluid W ' W fluid Pfluid W ' ^bvater 


and dividing the second of these by the fírst gives 


Pfluid _ W fluid 
P water W " W water 

b) When vv t]iiid is greater than vv w . uci . the term on the right in the above expression is less 

than one, indicating that the fluids is less dense than water, and this is consistent with the 
buoyant force when suspended in liquid being less than that when suspended in water. If 
the density ofthe fluid is the same as that of water vv t]iiid = w water , as expected. Similarly, 

if vv tluid is less than vr water , the term on the right in the above expression is greater than 
one, indicating the the fluid is denser than water. c) Writing the result of part (a) as 


Pfluid _ 1 fí 


fluid 


P water ^ fw, 


and solving for / fluid , 


/íi,id = 1 - —(1 - ) = 1 - (1 .220)(0.128) = 0.844 = 84.4%. 

P water 


14.69: a) Let the total volume be V ; neglecting the density ofthe air, the buoyant force 
in terms of the weight is 


B = 


r P water ^ 


(Wg) 

Pm 


+ v 0 


or 


Fn 


B w 


P 


water 


g 


P»g 


b) — -— = 2.52 x 10 4 m 3 . Since the total volume of the casting is B , the 

’ PmS />Cu? b Pwater? ’ 

cavities are 12.4% of the total volume. 



14.70: a) Let d be the depth of the oil layer, h the depth that the cube is submerged in 
the water, and L be the length of a side of the cube. Then, setting the buoyant force equal 
to the weight, canceling the common factors of g and the cross-section area and 
supressing units, 

(1000)/z + (750 )d = (550 )L.d, h and L are related by d + h + (0.35)Z = L, so h = (0.65)Z - 

d. Substitution into the fírst relation gives d =L —= 0.040m. b) The 

gauge pressure at the lower face must be sufficient to support the block (the oil exerts 
only sideways forces directly on the block), and 

P = Pwood^ = (550 kg/m 3 )(9.80 m/s 2 )(0.100m) = 539Pa. As a check, the gauge 
pressure, found ífom the depths and densities of the fluids, is 
((0.040m)(750 kg/m 3 ) + (0.025m)(1000 kg/m 3 ))(9.80 m/s 2 ) = 539Pa. 


14.71: The ship will rise; the total mass of water displaced by the barge-anchor 
combination must be the same, and when the anchor is dropped overboard, it displaces 
some water and so the barge itself displaces less water, and so rises. 

To find the amount the barge rises, let the original depth of the barge in the water be 
\ = (m b + /; 7 a )/(/ 7 w . ucr /l), where m b and m a are the masses of the barge and the anchor, and 
A is the area of the bottom of the barge. When the anchor is dropped, the buoyant force 
on the barge is less than what it was by an amount equal to the buoyant force on the 
anchor; symbolically, 


h 'P^Ag = KP^xAê - (™a /Ateei K 


agí 


which is solved for 


A/z - h 0 - ti 


(35.0 kg) 

p sted A (7860kg/m 3 )(8.00m 2 ) 


5.57 x 10~ 4 m, 


or about 0.56 mm. 



14.72: a) The average density of a filled barrei is 

A>u + f = 750 kg/m 3 + =875 kg/m 3 , which is less than the density of seawater, 

so the barrei floats. 

b) The ffaction that floats (see Problem 14.23) is 


Ave _ 1 875 kg/m 3 

P water 1030kg/m 3 


0.150 = 15.0% 


c) The average density is 910 //- + 3? 2 ° =1172/4- which means the barrei sinks. 


In order to lift it, a tension 

T = (1177 -/y)( 0.120 m 3 )(9.80 f) - (1030 ^-)(0.120 m 3 )(9.80 f) = 173 N is required. 


14.73: a) See Exercise 14.23; the fraction ofthe volume that remains unsubmerged is 
1 - /f. b) Let the depth of the liquid be x and the depth of the water be y. Then 

pLgx + pwgy = p B gL and x + y = L. Therefore x-L-y and y = ( /'/ '/ lA . c) 
y = (0.10 m) = 0.046 m. 


14.74: a) The change is height Ay is related to the displaced 

where A is the surface area ofthe water in the lock. AV is the 
the same weight as the metal, so 


AV 

volume A V by Ay =-, 

A 

volume of water that has 


Ay 


AE _ u/p water g _ w 

Ã Ã Pwaterg^ 

_ (2,50xlQ 6 N) _ 

(1.00x10 3 kg/m 3 )(9.80 m/s 2 )((60.0m)(20.0m)) 


0.213 m. 


b) In this case, AV is the volume of the metal; in the above expression, /y víUcr is 
replaced by p metal = 9.00/? water , which gives Ay' = //,and Ay - Ay' = f Ay = 0.189 m; the 
water sinks by this ainount. 



14.75: a) Consider the fluid in the horizontal part of the tube. This fluid, with mass 
pAl, is subject to a net force due to the pressure difference between the ends of the tube, 
which is the difference between the gauge pressures at the bottoms of the ends of the 
tubes. This difference is pg(y L - y R ), and the net force on the horizontal part of the fluid 
is 

pg(y l - y r) A = P Ala > 


or 


(Tl-Tr) = -/- 

g 

b) Again consider the fluid in the horizontal part of the tube. As in part (a), the fluid is 
accelerating; the center of mass has a radial acceleration of magnitude a ná = arl/l, and 

so the difference in heights between the columns \s(oj 2 !/2)(1/ g) = orl 2 2g. 

Anticipating Problem, 14.77, an equivalent way to do part (b) is to break the fluid in 
the horizontal part of the tube into elements of thickness dr ; the pressure difference 
between the sides of this piece is dp = p(co 2 r)dr (see Problem 14.78), and integrating 
from r = 0 to r = / gives A p = par l 2 / 2, giving the same result. 

c) At any point, Newton’s second law gives dpA = pAdla from which the area A 
cancels out. Therefore the cross-sectional area does not affect the result, even if it varies. 
Integrating the above result from 0 to / gives Ap = pal between the ends. This is 
related to the height of the columns through Ap = pgAy from which p cancels out. 



14 . 76 : a) The change in pressure with respect to the vertical distance supplies the force 
necessary to keep a fluid element in vertical equilibrium (opposing the weight). For the 
rotating fluid, the change in pressure with respect to radius supplies the force necessary to 

keep a fluid element accelerating toward the axis; specifically, dp = j^dr - pa dr, and 
using a = co 2 r gives ‘-f- = pa> 2 r. b) Let the pressure at y = 0. r = 0 be p (atmospheric 

°P 

pressure); integrating the expression for ífompart (a) gives 

p(r,y = 0)= p a + ^-r 2 ' 


c) In Eq. (14.5), p 2 = p. d ,P\ = p{r,y = 0) as found in part (b), y, = 0 and y 2 = h(r), the 
height of the liquid above the y = 0 plane. Using the result of part (b) gives 
h(r ) = co 2 r 2 jlg. 


14 . 77 : a) The net inward force is (p + dp)A - pA = Adp, and the mass of the fluid 
element is pAdr’. Using NewtoiTs second law, with the inward radial acceleration of 
co 2 r', gives dp = pc o 2 r'dr'. b) Integrating the above expression, 

P dp = í pco 2 r'dr' 

JpO JrO 


P~Po = 


f p<o 2 


y~rA 


which is the desired result. c) Using the same reasoning as in Section 14.3 (and Problem 
14.78), the net force on the object must be the same as that on a fluid element of the same 
shape. Such a fluid element is accelerating inward with an acceleration of magnitude 


co 2 R„ 


and so the force on the object is pVo/R cm . d) If pR cm > P ob R cmob the inward 


force is greater than that needed to keep the object moving in a circle with radius R cmob at 
angular ífequency co , and the object moves inward. If pR cm < p„ h R (:moh , the net force is 

insufficient to keep the object in the circular motion at that radius, and the object moves 
outward. e) Objects with lower densities will tend to move toward the center, and objects 
with higher densities will tend to move away tforn the center. 



14.78: (Note that increasing x corresponds to moving toward the back of the car.) 

a) The mass of air in the volume element is pdV = pAdx , and the net force on the 
element in the forward direction is (p + dp)A - pA = Adp. From Newton’s second law, 
Adp = ( pAdx)a , from which dp = paãx. b) With p given to be constant, and with 
p = p 0 at x = 0, p = p 0 + pax. c) Using p = 1.2 kg/m 3 in the result of part (b) gives 
(l-2 kg/m 3 ) (5 .0 m/s T 2.5 m) = 15.0 Pa ~ 15 x Iti 5 p atm , so the fractional pressure 
difference is negligble. d) Following the argument in Section 14-4, the force on the 
balloon must be the same as the force on the same volume of air; this force is the product 
ofthe mass pV and the acceleration, or pVa. e) The acceleration ofthe balloon is the 

force found in part (d) divided by the mass p hA V,or{p/p ][a] )a. The acceleration relative to 
the car is the difference between this acceleration and the car’s acceleration, 

^rel [( pIp bal )-!]- f) For a balloon fdled with air, (p/p bã ,)< 1 (air balloons tend to sink 
in still air), and so the quantity in square brackets in the result of part (e) is negative; the 
balloon moves to the back of the car. For a helium balloon, the quantity in square 
brackets is positive, and the balloon moves to the front of the car. 


14.79: If the block were uniform, the buoyant force would be along a line directed 
through its geometric center, and the fact that the center of gravity is not at the geometric 
center does not affect the buoyant force. This means that the torque about the geometric 
center is due to the offset of the center of gravity, and is equal to the product of the 
block’s weight and the horizontal displacement ofthe center of gravity from the 

geometric center, (0.075 m)/ a/T The block’s mass is half of its volume times the density 
of water, so the net torque is 

(0.30m) 1 q000kg/m 1 ) (9 80 m/s!) O075m = ?Q2 N . m> 

2 v 2 

or 7.0 N • mto two figures. Note that the buoyant force and the block’s weight form a 
couple, and the torque is the same about any axis. 

14.80: a) As in Example 14.8, the speed of efflux is «J2gh . After leaving the tank, 
the water is in free fali, and the time it takes any portion of the water to reach the 
ground is t = J 2lH ~ h) , in which time the water traveis a horizontal distance 

R = vt = 2ylh(H - ti). 

b) Note that if h' = H - h,h\H - ti) = (H - ti)h, and so ti = H - h gives the 
same range. A hole II - h below the water surface is a distance h above the bottom 
of the tank. 



14.81: The water will rise until the rate at which the water flows out of the hole is 
the rate at which water is added; 


A^2gh=^, 

at 

which is solved for 


f dV/dt / 

| 2 1 _ 

r 2.40xl0~ 4 m 3 /s^ 

2 

1 

v A j 

1 2g 

v 1.50x IO -4 m 2 J 

2(9.80 m/s 2 ) 


Note that the result is independent of the diameter of the bucket. 


14.82: a)v 3 yl 3 = y]2g(y l - y 3 )A 3 = -^2(9.80 iryV)(8.00m)(0.0160m ? ) = 0.200 m 3 /s. 
b) Since p 3 is atmospheric, the gauge pressure at point 2 is 


1 / 2 2 \ 1 2 

Pi = -^piy -v 2 ) = -pv^ 


í- 


T' ! ' 

\ A U 


= ^pg(yi-y,\ 


V " J 

using the expression for ü 3 found above. Subsititution of numerical values gives 
p 2 =6.97xl0 4 Pa. 


14.83: The pressure difference, neglecting the thickness of the wing, is 

Ap = (1 j 2) p(v 2 p - v b 2 ottom ), and solving for the speed on the top of the wing gives 

v top = -y/(120 m/s) 2 + 2(2000Pa)/(1.20 kg/m 3 ) = 133 m/s. 

The pressure difference is comparable to that due to an altitude change of about 200 m, 
so ignoring the thickness of the wing is valid. 



14.84: a) Using the constancy of angular momentum, the product of the radius and 

f 30 ^ 

speed is constant, so the speed at the rim is about (200 km/h) 


V 350y 


= 17 km/h. b) The 


pressure is lower at the eye, by an amount 

Ap - “(1-2 kg/m 3 )((200 km/h) 2 - (17 km/h) 2 ) 


f 1 m/s ^ 
v 3.6 km/h j 


= 1.8x10 3 Pa. 


c) jj = 160 m to two figures, d) The pressure at higher altitudes is even lower. 


14.85: The speed of efflux at point D is ^2gh v and so is yjSgh^ at C. The gauge 
pressure at C is then pg\ - 4pgh { = -3 pgh t and this is the gauge pressure at E. The 
height of the fluid in the column is 3/;,. 


14.86: a) v = so the speeds are 


6.00 x 10~ 3 m 3 /s 
10.0 x IO -4 m 2 


6.00 m/s and 


6.00x10 3 nrVs 
40.0x10 4 m 2 


1.50 m/s. 


b) Ap -\p(y\ - v/) = 1.688 xlO 4 Pa, or 1.69x10 4 Pa to tlrree figures. 

c ) A/? = AP = (1.688xl0 4 Pa) 

' PH s g (13.6xl0 3 kg/m 3 )(9.80 m/s 2 ) 


12.7 cm. 



14.87: a) The speed of the liquid as a function of the distance y that it has fallen is 
v = V v o + 2 &F> and the cross-section area of the flow is inversely proportional to this 
speed. The radius is then inversely proportional to the square root of the speed, and if the 
radius of the pipe is r 0 , the radius r of the stream a distance y below the pipe is 


r = ■ 


.1/4 7 0 


í 0 V 1 / 4 

i + M 


V v 0 J 


(v 0 + 2 gy) 

b) From the result of part (a), the height is found ffom (1 + 2gy/ v ( ,) 14 = 2, or 


y = 


15v 0 2 _ 15(1.2 m/s) 2 


2g 2(9.80 m/s 2 ) 


= 1.10 m. 


14.88: a) The volume V of the rock is 

v B w-T ((3.00kg)(9.80 m/s 2 ) -21.0N) o 57:;10 -4 ^ 
Pwater^ Pwater^ (1 .00 X 10' kg/m/)(9.80 m/ S 2 ) 

In the accelerated frames, all of the quantities that depend on g (weights, buoyant 
forces, gauge pressures and hence tensions) may be replaced by g' - g + a, with the 

positive direction taken upward. Thus, the tension is T = mg’ - B' = (m - pV)g' = T 0 —, 

where T (} = 21.0 N. 

b) g' = g + a; for a = 2.50 m/s 2 ,T = (21.0 N)= 26.4 N. 

c) For a = -2.50 m/s 2 ,T = (21.0 N)^po = 15 6 N 

d) If a = -g, g' = 0 and T - 0. 



14.89: a) The tension in the cord plus the weight must be equal to the buoyant force, so 

T = ^gOwater “ Pi bam) 

= (l/2)(0.20m) 2 (0.50m)(9.80 m/s 2 )(1000 kg/m 3 -180kg/m 3 ) 

= 80.4 N. 


b) The depth of the bottom of the styrofoam is not given; let this depth be h 0 . 
Denote the length of the piece of foam by L and the length of the two sides by /. The 
pressure force on the bottom of the foam is then ( p 0 + pgh 0 )LÍpÍ2l ) and is directed up. 
The pressure on each side is not constant; the force can be found by integrating, or using 
the result of Problem 14.44 or Problem 14.46. Although these problems found forces on 
vertical surfaces, the result that the force is the product of the average pressure and the 
area is valid. The average pressure is p 0 + pg(h 0 - (7/(2-^2))), and the force on one side 
has magnitude 

(Po + Pg(K ~ //( 2 V2)))T/ 


and is directed perpendicular to the side, at an angle of 45.0° ffom the vertical. The force 
on the other side has the same magnitude, but has a horizontal component that is opposite 
that ofthe other side. The horizontal component ofthe net buoyant force is zero, and the 
vertical component is 

B = (p 0 + pgh 0 )Ll^ -2(cos45.0°)O 0 + pg(h 0 -1/(2^)))Ll = pg , 


the weight of the water displaced. 



14.90: When the levei of the water is a height y above the opening, the efflux speed is 
■J 2 gy , and ^ = n{d/2) : ^2gy. As the tank drains, the height decreases, and 

dy _ dV/dt _ 7r(d/2) 2 y[2gy ( d 

dt 


A 


n{D/2Y 


\Dj 


J2gy- 


This is a separable differential equation, and the time T to drain the tank is found from 

J / T \2 

dy 

fy 


|; I 


which integrates to 




or 


T = 


fD^ 


2 4h 

l2g 


2 H 
-■ 

g 


14.91: a) The fact that the water fírst moves upwards before leaving the siphon does not 
change the efflux speed, 2gh. b) Water will not flow if the absolute (not gauge) 
pressure would be negative. The hose is open to the atmosphere at the bottom, so the 
pressure at the top of the siphon is p ã - pg{H + h), where the assumption that the cross- 
section area is constant has been used to equate the speed of the liquid at the top and 
bottom. Setting p = 0 and solving for H gives H = (pjpg) - h. 


14.92: Any bubbles will cause inaccuracies. At the bubble, the pressure at the surfaces 
of the water will be the same, but the leveis need not be the same. The use of a hose as a 
levei assumes that pressure is the same at all point that are at the same levei, an 
assumption that is invalidated by the bubble. 



Capítulo 15 



15.1: a) The period is twice the time to go from one extreme to the other, and 

v = fX = X/T = (6.00 m)/(5.0 s) = 1.20 m/s, or 1.2 m/s to two figures, b) The amplitude 
is half the total vertical distance, 0.310 m. c) The amplitude does not affect the wave 
speed; the new amplitude is 0.150m. d) For the waves to exist, the water levei cannot be 
levei (horizontal), and the boat would tend to move along a wave toward the lower levei, 
alternately in the direction of and opposed to the direction of the wave motion. 


15.2: 


15.3: 

b) 

15.4: 

a) 


fX = v 

. _ v _ 1500 m/s 
* ~ X ~ 0.001 m 

a )X = v/f = (344 m/s)/(784 Hz) = 0.439 m. 
f = v/X = (344 m/s)/(6.55 x 10“ 5 m) = 5.25 x 10 6 Hz. 


Denoting the speed of light by c, 

3.00x10* m/s rrr 1.3 3.00x10* m/s 

- r ^ = 556m. b)- 

540xl0 3 Hz ' 104.5xl0 6 Hz 


X=j, and 
- 2.87 m. 


1.5x10 6 Hz 


15.5: a) À max = (344 m/s)/(20.0 Hz) = 17.2m, X mÍD = (344 m/s)/(20,000 Hz) 

= 1.72 cm. 

b) ^max = ( 148 ° m/s)/(20.0Hz) = 74.0rn,À min =(1480 m/s)/(20,000Hz) = 74.0mm. 


15.6: Comparison with Eq. (15.4) gives a) 6.50mm, b) 28.0 cm, 

c) / = y = 00 3 60 s = 27.8 Hz and ffomEq. (15.1), d) v = (0.280m)(27.8Hz) = 7.78 m/s , 

e) + x direction. 



15.7: a)/ = v/X = (8.00 m/s)/(0.320 m) = 25.0 Hz, 

T = l/f = l/(25.0Hz) =4.00x 10 -2 s, k = 2 n/X = (2?r)/(0.320m) = 19.6 rad/m. 

/ x 

b) y(.x,t) = (0.0700 m) cos 2 ít f(25.0Hz)H-—- . 

v 0.320 m y 

c) (0.0700 m) cos [2^((0.150 s)(25.0 Hz) + (0.360 m)/(0.320m))] = -4.95 cm. 

d) The argument in the square brackets in the expression used in part (c) is 27r(4.875), 
and the displacement will next be zero when the argument is 10 n\ the time is then 
T(5 - x/X) = (1/25.0 Hz)(5 - (0.360 m)/(0.320m)) = 0.1550s and the elapsed time is 
0.0050 s, e) r/2 = 0.02 s. 


15.8: a) 























15.9: a) 


— = -Ak sin(£x + cot) 
õx 


-Ak 2 cos(kx + cot) 


õy 

ôx 2 


— = -Aco sin(£x + cot) 
ôt 



-Aco 2 cos (kx + cot). 


and so , and y(x,t) is a solution of Eq. (15.12) with v = co/k. 

b) — - +Ak cos(kx + cot) = - Ak 2 sin(£x + cot) 

õx õx " 

— = +Aco cos (kx + cot) = - Aco 2 úr\(kx + cot), 

õt ôt 

and so ^4 = and y(x,t) is a solution of Eq. (15.12) with v = co /k. c) Both waves 
are moving in the - x -direction, as explained in the discussion preceding Eq. (15.8). 
d) Taking derivatives yields v y (x,t) = -coA cos ( kx + cot) and a y (x,t) = -co 2 A úx\(kx + cot). 



15.10: a) The relevant expressions are 

y(x,t) = A cos(kx - cot) 

v - — = coA sin (kx - cot) 


a v = , 

- v õt 2 


õt 

õ 2 y _ dv y 


õt 


= -co 2 A cos (cot - kx). 



\ / 
\ ✓ 

V ✓ 

X / 

_I_*»»-- _ 


X 


b) (Take A, k and co to be positive. At ' / = 0, the wave is represented by (19.7(a)); point 
(i) in the problem corresponds to the origin, and points (ii)-(vii) correspond to the points 
in the figure labeled 1-7.) (i) v = coA cos(0) = coA, and the particle is moving upward (in 

the positive y-direction). a y = -co 2 A sin(0) = 0, and the particle is instantaneously not 

accelerating. (ii) v = coA cos(- n/4) = coA / \Í2, and the particle is moving up. 

a v = -co 2 A sin(- n/4) = co 2 a/^I2, and the particle is speeding up. 

(iii) v y = coA eos(- n/2) = 0, and the particle is instantaneously at rest. 
a = -co 2 A sin(- n/2) = co 2 A, and the particle is speeding up. 

(iv) v y = coA cos(— 3n/4) = -coA/2, and the particle is moving down. 

a v = -co 2 A sin(-3;r/4) = co 2 A/ 2, and the particle is slowing down (v v is becoming less 
negative). (v) v v = coA cos(-h-) = -coA and the particle is moving down. 
a v = -co 1 A sin(-7r) = 0, and the particle is instantaneously not accelerating. 

(vi) v y = coA cos(— 5n/4) = - coA/y !2 and the particle is moving down. 
a v = -co 2 A úrí(-5n/4) = -co 2 A/yj 2 and the particle is speeding up (v and a v have the 
same sign). (vii) v v = coA cos(- 3n/2) = 0, and the particle is instantaneously at rest. 
a v = -co 2 A sin(-3n/2) = -co 2 A and the particle is speeding up. 

(viii) v = coA cos(— In/4) = coA/yj 2, and the particle is moving upward. 

a v = -co 2 A sin(- ln/4) = -co 2 AjyÍ2 and the particle is slowing down (v and a have 
opposite signs). 









15.11: Reading fforn the graph, a) A = 4.0mm, b) T = 0.040s. c) A displacement of 
0.090 m corresponds to a time interval of 0.025 s; that is, the part of the wave represented 
by the point where the red curve crosses the origin corresponds to the point where the 
blue curve crosses the t-axis (y = 0) at t = 0.025 s, and in this time the wave has traveled 

0.090 m, and so the wave speed is 3.6 m/s and the wavelength is 
vT = (3.6 m/s)(0. 040s) = 0.14m. d) 0.090 m/0.015 s = 6.0 m/s and the wavelength is 
0.24 m. d) No; there could be many wavelengths between the places where y(t) is 
measured. 


15.12: a) 


A cos 2n\ 


f X 

t / 

1 , 2n\ 


A ^ 

— 

= +ylcos — 

X 

- 1 


T) 

1 A 1 


T ) 


= +A cos — (v - vt), 

X 

X 

where — = A f = v has been used. 

.. õv 2 7tv . . 2n ( \ 

b) v„~ — -Asm — (x-vt. 

y ôt A A V ; 

c) The speed is the greatest when the cosine is 1, and that speed is 2 ttw 1/A . This will be 
equal to v if A = A/2 n, less than v if A < 'k/2n and greater than v if A > \j2n. 



15.13: a) í = 0: 


x(cm) 

0.00 1.50 

3.00 

4.50 

6.00 

7.50 

9.00 

10.50 

12.00 

y(cm) 

0.000 -0.212 

-0.300 

-0.212 

0.000 

0.212 

0.300 

0.212 

0.000 


t = 0.0 s 



b) i) t = 0.400 s: 


x(cm) 

0.00 

1.50 3.00 4.50 

6.00 

7.50 

9.00 

10.50 

12.00 

y(cm) 

0.285 

0.136 -0.093 -0.267 

-0.285 

-0.136 

0.093 

0.267 

0.285 


t = 0.4 s 



ii)/ 1 = 0.800 s: 


x(cm) 

0.00 

1.50 

3.00 

4.50 

6.00 

7.50 

9.00 

10.50 

12.00 

y(cm) 

0.176 

0.296 

0.243 

0.047 

-0.176 

-0.296 

-0.243 

-0.047 

0.176 




















15.14: Solving Eq. (15.13) for the force F, 


F = juv 2 = 


^0.120 kg' 
v 2.50 m , 


((40.0 Hz) (0.750 m)) 2 


43.2 N. 


15.15: a) Neglecting the mass of the string, the tension in the string is the weight of 

the pulley, and the speed of a transverse wave on the string is 


v = 



1 (1.50 kg)(9.80m/s 2 ) 
\ (0.0550kg/m) 


16.3 m/s. 


b) A, = v/f = (16.3m/s)/(120Hz) = 0.136m. c) The speed is proportional to 
the square root of the tension, and hence to the square root of the suspended mass; the 
answers change by a factor of 42, to 23.1 m/s and 0.192 m. 


15.16: a) v = 4^14 = V(140.0N)(10.0m)/(0.800kg) = 41.8m/s. 

b) X = v/f = (41.8 m/s)/(l .20 Hz) = 34.9 m. c) The speed is larger by a factor of 
42, and so for the same wavelength, the frequency must be multiplied by 
42, or 1.70 Hz. 


15.17: Denoting the suspended mass by M and the string mass by m, the time for the 
pulse to reach the other end is 

. L L í/nL = I (0.800 kg)(14,0^r 0 390s 

v 4Mg/(m/L) \ Mg Y (7.50 kg)(9.80 m/s 2 ) 

15.18: a) The tension at the bottom of the rope is due to the weight of the load, and 

the speed is the same 88.5 m/s as found in Example 15.4 b) The tension at the middle 

ofthe rope is (21.0 kg)(9.80 m/s 2 ) = 205.8 N (keeping an extra figure) and the speed of 
the rope is 90.7 m/s. c) The tension at the top of the rope 

is(22.0kg)(9.80 m/s 2 ) = 215.6 m/s and the speed is 92.9 m/s. (See Challenge Problem 
(15.80) for the effects of varying tension on the time it takes to send signals.) 



15.19: a)v = -JfJJi = V(5.00 N)/(0.0500 kg/m) = 10.0 m/s 

b) k = v/f = (10.0 m/s)/(40.0 Hz) = 0.250 m 

c) y(x,i) = A cos (kx - cot) (Note: v(0.0) = A, as specified.) 
k = 2 jt/X = 8.00a - rad/m; co = 2nf = 80.0a - rad/s - 

y(x,t) = (S.OOcn^cosja^S.OO rad/m)x-(80.0a - rad/s)í] 

d) v v = +Aco sin(£x - cot ) and a y = -Aco 2 cos(kx - cot) 

«v.max = A = A ( 2 xf) 2 =1890 m/s 2 

e ) a v,maxi s m uch larger than g, so ok to ignore gravity. 

15.20: a) Using Eq.(15.25), 

= ' jí 31 "'/' 1 k = |(25 0K)(2SI20.()Hz))=(l.6rl0- ; m) J 
2 0.80m ) 

= 0.223 W, 

or 0.22 W to two figures, b) Halving the amplitude quarters the average power, to 0.056 
W. 

15.21: Fig. 15.13 plots P(x,t ) = yFco 2 A 2 sin 1 (kx - cot) at x = 0. 

For x = 0, P(x,t) = yf/iFco 2 A 2 sin 2 (cut) = P mm sin 2 (cut) 

Whenx = X/4,kx = (2a - /À,)(A./4) = k/2. 

sin (tt/2 - cot) = cos cot, so P(k/4,t) = P max cos 2 cot 

The graph is shiíted by T/4 but is otherwise the same. The instantaneous power 
is still never negative and P m = \P mwí , the same as at x = 0. 

15.22: r 2 = = (7.5 m)^ ”' 1 ^^ - = 2.5m, so it is possible to 

move t\ -r 2 = 7.5 m - 2.5 m = 5.0m closer to the source. 



15.23: a )/,r 1 2 =//j 


I 2 =I l (rJr 2 ) 2 =( 0-026 W/m 2 )(4.3m/3.1 m) 2 = 0.050 W/m 2 
b) P = Anr 2 I = 47r(4.3m) 2 (0.026 W/m 2 ) = 6.04 W 
Energy = Pt = (6.04 W)(3600s) = 2.2xlO 4 J 

15.24: (aM = 2.30mm.(b)/ = £ = ^118Hz. (c)A, = f = = 0.90m. (d) 

v = y = 6 ? 9 s md/m =106 m/s. (e) The wave is traveling in the —x direction because the 
phase of y (x,t) has the forni kx + cot. (f) The linear mass density is 
ju = (3.38 x IO' 3 kg)/(1.35 m) = 2.504 x 10~ 3 kg/ m , so the tension is 
F = juv 2 = (2.504 x 10 3 kg/m)(106.3 m/s) 2 = 28.3 N (keeping an extra figure in v for 
accuracy). (g) P ãV = jy[JiFco 2 A 2 = ^/(2.50x 10 -3 kg/m)(28.3N)(742 rad/s) 2 
(2.30x10 3 in) 2 =0.39 W. 

15.25: 7 = 0.250 W/m 2 atr = 15.0m 

p = Anrl = 47r(15.0m) 2 (0.250 W/m 2 ) = 707 W 



15.26: a) The wave form for the given times, respectively, is shown. 


















15.27: a) The wave forni for the given times, respectively, is shown. 





















15.29: 


15.30: Let the wave traveling in the + x direction be y x (x,t) - A cos ( kx - cot). The 
wave traveling in the - x direction is inverted due to reflection lrom the fixed end of the 
string at x = 0, so it has the form y 2 (x,t) = -A cos (kx + cot). The wave function of the 
resulting standing wave is then y(x, t) = y ] (x, t) + y 2 (x,t) , where 
A = 2.46 mm,® = 2 n/T = 27t/(3.65x 10~ 3 s) = 1.72x 10 3 rad/s, k = co/v = 

(1.72xl0 3 rad/s)(l 11 m/s) = 15.5rad/m. 


15.31: a) The nodes correspond to the places where 
y = 0 for all t in Eq. (15.1); that is, sin kx node = 0 or kx node = nn, n an integer. 

With k = 0.15n rad/m, x node = (1.333 m )n and for 

n = 0,1,2,..., x node = 0,1.333 m, 2.67 m, 4.00 m, 5.33 m, 6.67 m,... b) The antinodes 
correspond to the points where cos kx = 0, which are halfway between any two adjacent 
nodes, at 0.667 m, 2.00 m, 3.33 m, 4.67 m, 6.00 m, ... 


15.32: a) 


õ 2 y 

õx 2 


= -k 2 [^4 SW sin ftJtjsin kx. 


= -co 2 sin cntlsin kx, 
Ôt 2 


so for v(x,t) to be a solution of Eq. (15.12), -k 2 = — and v = —. 

v k 

b) A standing wave is built up by the superposition of traveling waves, to which the 
relationship v = co/k applies. 



15.33: a) The amplitude of the standing wave is A sw = 0.85 cm, the wavelength is 
twice the distance between adjacent antinodes, and so Eq. (15.28) is 

y(x,t ) = (0.85 cm)sin((27r/0.075 s)í)síii(27tx/30.0 cm). 

b) v = Xf = X/T = (30.0 cm)/(0.0750 s) = 4.00 m/s. 

c) (0.850 cm)sin(27r( 10.5 cm)/(30.0 cm)) = 0.688 cm. 

15.34: Ti+T 2 = ^ [-cos(Ãx + mt) + cos(Ãx-(yO] 

= A [-cosfcccosetR + sinfcr sinetR + coskxcoscot + sinfocsinotR] 

= lAsmkxúwcot. 


15.35: The wave equation is a linear equation, as it is linear in the derivatives, and 
differentiation is a linear operation. Specifically, 


õy _ d(y l +y 2 ) _õy x | õy 2 
ôx õx õx õx 

Repeating the differentiation to second order in both x and t, 

õ 2 y õ 2 y = õ 2 y l ô 2 y 2 

Õx 2 õx 2 õx 2 ’ Õt 2 õt 2 õt 2 ' 


The functions and y 2 are given as being Solutions to the wave equation; that is, 


ôV = dy L+ dy^ = 

õx 2 õx 2 õx 2 


Vv-J 


õ 2 yi 

õt 2 


+ 


' 1 ^ 


W 2 y 


5 2 T2 

õt 2 


í i \ 


W 2 ) 


õ 2 T, + õ 2 y 2 


õt 2 


õr 


' 1 ^ 


õ 2 T 


VV 2 ) Õt 2 


and so y = y, + y 2 is a solution of Eq. (15.12). 



15.36: a) From Eq. (15.35), 


J_ ÍFL 1 1 (800N)(0.400m)~ _ 108I 

■' 2 L\m 2(0.400 m) \ (3.00x10' 3 kg) 

b) 10 4 o°°hz Z = 24.5, so the 24 th harmonic may be heard, but not the 25 th . 


15.37: a) In the fundamental mode, 

X = 2L = 1.60 m and so v = fX = (60.0 Hz)(l .60 m) = 96.0 m/s. 

b) F - v 2 n = v 2 m/L = (96.0 m/s) 2 (0.0400 kg)/(0.800 m) = 461N. 


15.38: The ends of the stick are ffee, so they must be displacement antinodes. 
l st harmonic: 





L — — X, —> A,. 
2 1 1 


2 L = 4.0 m 


L = 1A. ? —> X 2 = L - 2.0 m 


L — — X , —^ X-, 
2 3 3 


2 L 
3 


1.33 m 



15.39: a) 



b) Eq. (15.28) gives the general equation for a standing wave on a string: 
y(x,t) = ( A sw sin kx) sincot 

A sw = 2 A, so A = A sw /2 = (5.60 cm)/2 = 2.80 cm 

c) The sketch in part (a) shows that L = 3(A/2) 

k = 2j r/X, X = 2njk 

Comparison oíy{x,t) given in the problem to Eq.(15.28) gives 
k = 0.0340 rad/cm. 

So, X = 27r/(0.0340rad/cm) = 184.8 cm 

L = 3(X/3) = 277 cm 

d) X - 185 cm, from part (c) 

a» = 50.0rad/s so / = oa/2^ = 7.96 Hz 

period T = 1// = 0.126s 

v = fX = 1470 cm/s 

e) v v = dy/dt = ec^wSin fcr coscnt 

v^max = = (50.0 rad/s)(5.60cm) = 280 cm/s 

f) / 3 = 7.96 Hz = 3/j, so /' = 2.65 Hz is the fundamental 
/ g = 8/j =21.2 Hz; cn 8 = 2 tt/ 8 = 133 rad/s 

X = v/f = (1470cm/s)/(21.2Hz) = 69.3cm and k = 2n/X = 0.0906rad/cm. 
v(x,t) = (5.60 cm) sin([0.0906 rad/cm]x) sin([133 rad/s]f) 



15.40: (a)A = }A sw = /(4.44 mm) = 2.22 mm.(b) /, = 2 f = :u /* d/m = 0.193 m. 

( c )/ = % = 754 2 r f m = 120 Hz - ( d ) v = f = 32.5 rad/m = 23 - 2 m / s - (e) Ifthe wave traveliiig in 
the + x direction is written as y 1 ( x, t) - A cos(kx - cot), then the wave traveling in the 
-x direction is y 2 (x,t) = -Acos(kx + cot), where A = 2.22 mm ffom(a), and k = 32.5 rad/m 
and co = 754 rad/s. (f) The harmonic cannot be detemiined because the length of the 
string is not specified. 


15.41: a) The traveling wave is y(x,t) = (2.30m)cos([6.98 rad/m]x) + [742 rad/s]/) 
A = 2.30 mm so A sw = 4.60 mm; k = 6.98 rad/m and co = 742 rad/s 
The general equation for a standing wave is y(x,t) = (A sw sin A'x)sin cot, so 
y(x,t) = (4.60mm)sin([6.98 rad/m]x)sin([742 rad/s]t) 

b )L = 1.35m(ffomExercisel5.24) 

A. = 2 n/k = 0.900 m 
L = 3(À/2), so this is the 3 rd harmonic 
c) For this 3rd harmonic, / = co/liz = 118 Hz 
f 3 = 3 f so /, = (118 Hz)/3 = 39.3 Hz 


15.42: The condition that x = L is a node becomes k n L = nn. The wave number and 
wavelength are related by k n X n = 2n, and so h n = 2 L/n. 


15.43: a) The product of the lfequency and the string length is a constant for a given 
string, equal to half of the wave speed, so to play a note with ffequency 
587 Hz, x = (60.0 cm)(440 Hz)/(587 Hz) = 45.0 cm. 

b) Lower lfequency requires longer length of string ffee to vibrate. Full length of 
string gives 440 Hz, so this is the lowest note possible. 

15.44: a) (\)x = \ is a node, and there is no motion. (ii) x = is an antinode, 
and v max = A (2nf) = 2nfA,a míX = (2nf)v max = An 2 f 2 A. (iii)cosf = and this factor 

multiplies the results of (ii), so v max = -j2nfA, a mãX - l^ín 2 f 2 A. b) The amplitude is 

Asmkx, or (i)0, (ii)4, (iii )a/ c) The time between the extremes of the motion is the 

same for any point on the string (although the period of the zero motion at a node might 
be considered indetemiinate) and is 4j. 



15.45: a) L, =21 = 3.00 m,f = = 16.0Hz. 

b)À, 3 = Xj3 = 1.00m,/ 2 =3/ =48.0Hz. c)L 4 = V 4 = 0.75 m,/ 3 = 4/ t = 64.0Hz. 


15.46: a) For the fundamental mode, the wavelength is twice the length of the string, 
and v = fX = 2 /L = 2(245 Flz)(0.635 m) = 311 m/s. b) The ffequency of the fundamental 
mode is proportional to the speed and hence to the square root of the tension; 

(245 Hz)VTÕT = 246 Fiz. c) The frequency will be the same, 245 Fiz. The wavelength 
will be L air = v air // = (344 m/s)/(245 Fiz) = 1.40 m, which is larger than the wavelength 
of standing wave on the string by a factor of the ration of the speeds. 


15.47: a) / = v/X = (36.0m/s)/(1.80m) = 20.0 Hz, m = 2nf = 126rad/s, 
k = co/v = 2:t/X = 3.49 rad/m. 

b) y (x,t) = A cos (kx - cot) = (2.50 mm)cos [(3.49 rad/m)v - (126 rad/s)4 

c) At x = 0 ,y (0j) = A cos cot = (2.50 mm) cos [(126 rad/s)/} From this forni it may be 
seen that at x = 0 ,t = 0,-|^ > 0. d) At x = 1.35 m = 3X/4,kx- 3zr/2 and 

y(3X/4,t) = A cos [3?r/2 - cot\ 

e) See Exercise 15.12; coA = 0.315 m/s. f) From the result of part 
(d), y = 0mm. v =-0.315 m/s. 



15.48: a) From comparison with Eq. (l5.4), A = 0.75 cm, À, = 040 (, /cm = 5.00 cm, 
/ = 125 Hz, T = jr = 0.00800 s and v - lf = 6.25 m/s. 
b) 



c) To stay with a wavefront as t increases, x and so the wave is moving in the - x - 
direction. d) From Eq. (l 5.13), the tension is F — fiv 2 = (0.50 kg/m) (6.25 m/s) 2 =19.5N. 

e)P av =}V^Fm 2 4 2 = 54.2 W. 


15.49: a) Speed in each segment isv = The time to travei through a segment is 

t = T/v. The travei times then, are t { = lJ^,í 2 ~ and t 3 = Adding gives 




b) No, because the tension is uniform throughout each piece. 



15.50: The amplitude given is not needed, it just ensures that the wave disturbance is 
small. Both strings have the same tension F, and the same length L - 1.5 m. The wave 

takes different times t 1 and t 2 to travei along each string, so the design requirements is 

t l +t 2 = 0.20s.Using t = Z/v and v = -yjF/ju - ^FL/m 

gives( -yjn\ + -^fn^^jL/F =0.20s,with m ] = 90xl0~ 3 kgandwj = 10x10 3 kg. Solving 
for F gives F = 6.0 N. 

15.51: a) y{x,t) = Acos(kx-a>t) 
v = dy/dt = +A(x>ú\\(kx- cot) 

V y, max = ÃC0 = 2k Í A 



b) To double v v max increase F by a factor of 4 

15.52: The maximum vertical acceleration must be at least g. Because 
a = co 2 A,g = co 2 A min and thus A min - g/co 2 . Using co = 2 nf - Inv/X and v = ^F/fi, th is 
becomes A mm = ^L. 



15 . 53 : a) See Exercise 15.10; a y = 


-co 2 y, and so k' = Amco 2 = Ax/j, co 2 . 


b) 



v 2 y 


An 2 F 

M 2 


and so k' = ( 4k 2 F/X 2 )Ax . The effective force constant k' is independent of amplitude, 
for a simple harmonic oscillator, and is proportional to the tension that provides the 
restoring force. The factor of l/A, 2 indicates that the curvature of the string creates the 
restoring force on a segment of the string. More specifically, one factor of l/A, is due to 
the curvature, and a factor of 1 /( Xu ) represents the mass in one wavelength, which 
detemiines the lf equency of the overall oscillation of the string. The mass Am = [iAx 
also contains a factor of //, and so the effective spring constant per unit length is 
independent of ju. 



15.54: a), b) 



c) The displacement is a maximum when the tenn in parentheses in the denominator 
is zero; the denominator is the sum of two squares and is minimized when x = vt, and the 
maximum displacement is A. At x = 4.50 cm,the displacement is a maximum at 
t = (4.50x10 2 m)/(20.0 m/s) = 2.25 x 10 3 s.The displacement will be half of the 
maximum when (x - vt) 2 = A 2 , or t = (x± A)/v = 1.75 x 10 3 s and 2.75 x 10 3 s. 
d) Of the many ways to obtain the result, the method presented saves some algebra and 
minor calculus, relying on the chain rale for partial derivatives. Specifically, let 

/ x . -c* r, x „ , õf dg õ u dg . õf dg õu dg 

u = uíx, t) = x- vt, so that if f (x, t) = g(u), — = —-= and — = —-= —— v. 

õx du õt du õt du õt du 

(In this form it may be seen that any fonction of this fonn satisfies the wave equation; see 
Problem 15.59.) In this case, y(x,t) = A 3 (A 2 + u 2 )~\ and so 


õy - 2A 'u 

õ 2 y _ 

2A 3 (A 2 -3u 2 ) 

dx~ {A 2 +u 2 ) 2, 

õx 2 

(A 2 + u 2 ) 3 

õy _ 2 A 3 u 

õ 2 y _ 

2 2A 3 (A 2 - 3u 2 ) 

õt (A 2 +u 2 ) 2 ’ 

õt 2 " 

(A 2 + u 2 ) 2 


and so the given form for y{x,t) is a solution to the wave equation with speed v. 



























15 . 55 : a) and b) (1): The curve appears to be horizontal, and v v = 0. As the wave 

moves, the point will begin to move downward, and a , < 0. (2): As the wave moves in 

the +x -direction (to the right in Fig. (15.34)), the particle will move upward so v > 0. 

The portion of the curve to the left of the point is steeper, so a v > 0. (3) The point is 

moving down, and will increase its speed as the wave moves; v v < 0, a , < 0. (4) The 

curve appears to be horizontal, and v v =0. As the wave moves, the point will move away 

from the x -axis, and a >0. (5) The point is moving downward, and will increase its 

speed as the wave moves; v v < 0 ,a <0. (6) The particle is moving upward, but the curve 

that represents the wave appears to have no curvature, so v > 0 and a v = 0. c) The 

accelerations, which are related to the curvatures, will not change. The transverse 
velocities will all change sign. 

15 . 56 : (a) The wave traveis a horizontal distance d in a time 

. d d 8.00 m 

t = — = -= 7 - 77 -r = 0.333 s. 

v 1/ (0.600 m) (40.0 Hz) 

(b) A point on the string will travei a vertical distance of 4 A each cycle. 

Although the transverse velocity v (x,t) is not constant, a distance of h = 8.00 m 
corresponds to a whole number of cycles, 

n = hj (4/1) = (8.00 m)/((4(5.00 x 10 3 m)) = 400, so the amount of time 
is t = nT = n/f = (400)/(40.0 Hz) = 10.0 s. 

(c ) The answer for (a ) is independent of amplitude. For (b), the time is halved if 
the amplitude is doubled. 



15 . 57 : a) y 2 (x,y) +z 2 (x,y) = A 2 


The trajectory is a circle of radius A. 

At t = 0,y(0,0) = A,z (0,0) = 0. 

Atí = 7r/2ft>,_v(0,7r/2ct;) = 0,z(0,7r/2ft>) = - A. 

At t = n/ co,y{0,Kj co) = -A,z{0,n/2a>) = 0. 

Att -37c/2co,y(0,3n/2co) = 0,z(0,3tt/2cu) = +A 

b) v v -dy/dt- +Acoún{kx- cot), v. = dz/dt = -Acocos(kx-cot) 

v = ^jv 2 y + v\ = Aco, so the speed is constant. 
r=yj + zk 

r ■ v = yv v + zv z = A 2 co sin (kx - cot) cos (kx - cot ) - A 2 co cos (kx - cot ) sin(foc - cot ) 
r ■ v - 0, so v is tangent to the circular path. 

c) a y = dv y jdt = - Aco 1 cos (kx - cot),a : =dvjdt = -Aco 2 sin(Ax - cot) 
r a = ya, + za : = -A 2 co 2 [cos 2 (kx- cot) + sin 2 (kx-cot)] = -A 2 co 2 

r = A,a = Aco 2 , so rã- -ra 

r ■ ã = ra cos cj) so $ - 180° and a is opposite in direction to r ; a is radially 

inward. 

y 2 + z 2 = A 2 , so the path is again circular, but the particle rotates in the 
opposite sense compared to part (a). 



15 . 58 : The speed of light is so large compared to the speed of sound that the travei time 
of the light from the lightning or the radio signal may be neglected. Them, the distance 
from the storm to the dorm is (344 m/s)(4.43 s) = 1523.92 m and the distance from the 
storm to the ballpark is (344m/s)(3.00s) = 1032 m. The angle that the direction from the 
storm to the ballpark makes with the north direction is found from these distances using 
the law of cosines; 


0 = arccos 


(1523.92 m) 2 - (1032 m) 2 - (1120 m) 2 
- 2(1032 m)(l 120 m) 


90.07°, 


so the storm can be considered to be due west of the park. 


15 . 59 : a) As time goes on, someone moving with the wave would need to move in such 
a way that the wave appears to have the same shape. If this motion can be described by 
x = vt + c, with c a constant (not the speed light),then y(x,t) = f (c), 
and the waveform is the same to such observer. b) See Problem 15.54. The derivation is 
completed by taking the second partials, 

õy = J\_dV õ 2 y d 2 f 

õx 2 V 2 du 2 ’ õt 2 du 2 ’ 

so y(x,i) = f(t - x/ v) is a solution to the wave equation with wave speed v. c) This is 
of the form y(x,t) = f (u), with u = t-x/v and 

f(u) = De ~ c2i, - (B/c)x)2 , 


and the result of part (b) may be used to determine the speed v = C/B immediately. 



15.60: a) 



b) Yt ~ <nAsm(kx -cot + cfi). c) No; cj) = n/4 or cj) = ?>njA would both give A/ Vt If the 
particle is known to be moving downward, the result of part b) shows that 
cos (f) < 0 , and so cj) = 2>n/4. d) To identify cj) uniqucly, the quadrant in which cj) is must be 
known. In physical ternis, the signs of both the position and velocity, and the magnitude 
of either, are necessary to determine cj) (within additive multiples of 2 n). 


15.61: r à)sJnF = Fy/fi/F = F/v = F k/co and substituting this into Eq. (15.33) gives the 
result. 

b) Quadrupling the tension for F to F' = 4 F increases the speed v = y/F/ju by a 
factor of 2, so the new ftequency co and new wave number k' are related to 
o and k by ( co'/k ') = 2 (co/k). For the average power to be the same, we must have 
Fkco = F'k'co', so kco = Ak’co and k'co' = kco/4 . 


Multiplying the First and second equations together gives 
co' 2 = co 2 / 2 , so co' = co/ Vt 

Thus, the frequency must decrease by a factor of -JY. Dividing the second equation by 
the First equation gives 


k' 2 =k 2 /s, so k' = k /VN 
















15.62: (a) 


-L L 

(b) The wave moves in the + x direction with speed v, so in the expression for 
.y(x,0) replace x with x-vt: 

0 for 

h{L + x-vt)/L for - 
h(L-x + vt)/L for 
0 for 

(c) FromEq. (15.21): 

- i 7 (0)(0) = 0 for(x - ví) < -L 

P ( x ^ = F õy(x,t) õy(x,t) = ~ F(h/L)(- hvjL ) = Fv(h/L) 2 for - L < (x - ví) < 0 

õx ôt - F(-h/L)(hv/L) = Fv(hJL) 2 for 0 < (x - ví) < L 

- i 7 (0)(0) = 0 for (x - ví) > L 

Thus the instantaneous power is zero except for - L < (x - ví) < L, where it has the 
constant value Fv(h/L) 1 . 


(x - ví) < -L 
L < (x - ví) < 0 
0 < (x - ví) < L 
(x — ví) > L 





15.63: a) P m = ^/iFico 2 A 2 

V = yjF/jU SO yÍF = Vyf/J. 

ca - 2 nf = 2 i t(v/X) 

Using these two expressions to replace ~Jf~ and co gives 
P av = 2 jujrVA 2 /Ã 2 ;n = (6.00x 10' 3 kg)/(8.00m) 


— O a — / .v/ / vni 

{4nVfi J 

b) F dV ~ v 3 so doubling v increases P v by a factor of 8. 
P av =8(50.0 W) = 400.0 W 



15.64: a), d) 




b)The power is a maximum where the displacement is zero, and the power is a 
minimum of zero when the magnitude of the displacement is a maximum. c) The 
direction of the energy flow is always in the same direction. d) In this case, 

Y x = -kA sin(foc + cot), and so Eq. (15.22) becomes 
P(x,t ) = -FkcoA 2 ú\\ 2 {kx + cot). 

The power is now negative (energy flows in the - x -direction), but the qualitative 
relations of part (b) are unchanged. 


2 F x 2 _ F 2 _ F { - YAaAT 

\ — ’ V 2 — — 

jU jU jU 


v l y 2 _ y l v 2 

Y(A/h)AT (Y/p)AT 


Solving for a, 




































15.66: (a) The string vibrates through 1/2 cycle in 4 x 3 ^min, so 


14 . , , 

— T =-min — >T = 1.6x10 3 min = 9.6x10 2 s 

2 5000 

/ = l/r = 1/9.6 X10" 2 s = 10.4 Hz 
À = L = 50.0 cm = 0.50 m 


(b) Second harmonic 

(c) v = fk = (10.4Hz)(0.50m) = 5.2m/s 

(d) (i)Maximum displacement, so v = 0 (ii) v = % = J/(l.5 cm sin kx sin cot) 
Speed = |v v | = m(1.5 cm)sin/:xsinojí 


at maximum speed, sin kx = sin oot = 1 

|v v | = oti(l .5 cm) = 2nf (1.5 cm) = 27 t( 10.4 Hz)(l .5 cm) 
= 98 cm/s = 0.98 m/s 


(e)v = V^Z« ~^fi = F/v 2 


w _ F (1.00 N)(0.500m) 

M = juL = —L = -- , , -- 

v 2 (5.2m/s) 


= 1.85x10 2 kg 
=18.5 g 


15.67: There is a node at the post and there must be a node at the clothespin. There 
could be additional nodes in between. The distance between adjacent nodes is k/2, so 
the distance between any two nodes is n (À/2) for n = 1 , 2 ,3,... 

45.0 cm = n(k/2), k = v/f, so 
/ = n[v/(90.0cm)] = (0.800 Hz )n,n = 1,2,3,... 



15 . 68 : (a) The displacement ofthe string at any point is y(x, t) = (A sw sin kx)sm cot. For 

the fundamental mode X = 2L, so at the midpoint of the string 
siiiAx = sin(27r/A,)(Z/2) = 1, and 

y = /l sw sin cot. Taking derivatives gives v v =% = cvd sw cos cot, with maximum value 

V vmax = 0J/I SW’ and a y = yr = with maximum valuea vmax = oj 2 T sw . 

Dividing these gives 

® = a vmax/ v ymax = (8.40 x 1 O 3 iii/s 2 )/(3.80 m/s) = 2.21 x 10 3 rad/s, and tlien 
A sw = v yimK /co = (3.80m/s)/(2.21xl0 3 rad/s) = 1.72x 10" 3 m. 

(b)v = Xf - (2L)(co/2jt) = Lcojn = (0.386 m)(2.21 x 10 3 rad/s )jn = 272m/s. 


15.69: a) To show this relationship is valid, take the second time derivative: 

d 2 y(x,t) ô 1 

- 2 — = —yK^sw smkxjcosmtj, 


õt z 


õt z 


õ 2 v(x,t) d 

——;—- = -co —[(^w smkxjsmmfj 
õt õt 

õ 2 y(x, t) 


at 2 


- -co 1 [(yf sw sin kx) cos cot\ 


õ 2 y(x,t) 
õt 2 


= -co 1 y(x,t), Q.E.D. 


The displacement of the harmonic oscillator is periodic in both time and space. 
b) Yes, the travelling wave is also a solution of the wave equation. 



15.70: a) The wave moving to the left is inverted and reflected; the reflection means that 
the wave moving to the left is the same ftmction of - x, and the inversion means that the 
ftmction is -f(-x). More rigorously, the wave moving to the left in Fig. (15.17) is 
obtained from the wave moving to the right by a rotation of 180°, so both the coordinates 
(/ and x) have their signs changed. b). The wave that is the sum is / (x) - f (—x) (an 
inherently odd ftmction), and for any /,/(0) - /(-0) = 0. c) The wave is reflected but 
not inverted (see the discussion in part (a) above), so the wave moving to the left in Fig. 
(15.18) is +/(-*). 


d)^ = ^(f(x) + f(-x)) 
dx dx 


df (*) [ df (-x) _ df (x) | df (-x) d{-x) 
dx dx dx d(-x) dx 


df_df 
dx dx 


At x = 0, the ternis are the same and the derivatives is zero. (See Exercise 20-2 for a 
situation where the derivative of f is not fínite, so the string is not always horizontal at the 
boundary.) 


15.71: a) y(x,t) = yfx,t) +y 2 (x,t) 

= yl[cos(£x + cot) + cos(£x - cnt)] 

= A[cosct>t cos kx - sin cotsin kx + cos cot cos kx + sin cot sin kx\ 

= (2 A) coscntcos kx. 

b) At x = 0, >'(0,0 = (2/l)cosw/, and so x = 0 is an antinode. c) The maximum 
displacement is, ffont part (b), d sw = 2 A, the maximum speed is coA sw = 2ojA and the 
magnitude of the maximum acceleration is co 2 A sw = 2co 2 A. 

15.72: a) A, = v// = (192.0 m/s)/(240.0 Fiz) = 0.800 m, and the wave amplitude is 
A sw = 0.400 cm. The amplitude of the motion at the given points is (i) 

(0.400 cm)sin (tt) = 0 (a node), (ii) (0.400 cm) sin (n/ 2) = 0.004 cm (an antinode) 
and (iii) (0.400 cm) sin(7r/4) = 0.283 cm. b). The time is half of the period, or 
1 /(2/) = 2.08 x 10 s. c) In each case, the maximum velocity is the amplitude 
multiplied by co - 2nf and the maximum acceleration is the amplitude multiplied by 
co 2 =An 2 f 2 ,ox (i) 0,0; (ii) 6.03 m/s, 9.10xl0 3 m/s 2 ; (iii) 4.27 m/s, 6.43 xlO 3 m/s 2 . 



15.73: The plank is oscillating in its fundamental mode, so À, = 2L = 10.0 m, with a 
ffequency of 2.00 Hz. a) v = fk - 20.0 m/s. b) The plank would be its fírst overtone, 
with twice the frequency, or 4 jumps/s. 


15.74: (a) The breaking stress is ^ 5 - = 7.0 x 10 s N/m 2 , and the maximum tension is 

= 6.4xl0 ~ 4 m. 


F = 900 N, so solving for r gives the minimum radius r = 


tt(7.0x10 8 N/ m 2 ) 


The mass and density are fixed, p = so the minimum radius gives the maximum 


length L = 


M 


4.0xl0~ 3 kg 


nr 2 p 7t(6.4x 10 4 m) 2 (7800 kg/m 3 ) 


7rr z L ' 

= 0.40 m. 


(b) The fundamental írequency is f\ = = TE^jfjZ = 2 -\Iml- Assuming the 

maximum length of the string is ífee to vibrate, the highest fundamental írequency occurs 
when F = 900 N, f = 9 3 °° N — = 376 Hz. 

’ J 1 2 V (4.0xl(T 3 kg)(0.40 m) 













15.76: 


a) The new tension F' in the wire is 


F' = F-B = W- (1/3w) ^water = ^ 
Pai { 


í | \ 

|_ r water 


3 Pai 


= w 


1 - 


(1.00x10 3 kg/m 3 ) 
3(2.7 xlO 3 kg/m 3 )y 


= (0.8765)w = (0.87645)A. 


The frequency will be proportional to the square root of the tension, and so 
/' = (200 Hz)V0.8765 = 187 Hz. 

b) The water does not offer much resistance to the transverse waves in the wire, 
and hencethe node will be located a the point where the wire attaches to the sculpture and 
not at the surface of the water. 


15.77: a) Solving Eq. (15.35) for the tensioni 7 , 

F = AÜ fi = 4/MZ/j 2 = 4(14.4 x 10~ 3 kg)(0.600m)(65.4Hz) 2 =148N. 

b) The tension must increase by a factor of (|jf) 2 , and the percent increase is 
(73.4/65.4) 2 -1 = 26.0%. 


15.78: a) Consider the derivation of the speed of a longitudinal wave in Section 16.2. 
Instead of the bulk modulus B, the quantity of interest is the change in force per fractional 
length change. The force constant k' is the change in force force per length change, so 
the force change per fractional length change is k'L, the applied force at one end is 
F = ( k'L)(v y /v ) and the longitudinal impulse when this force is applied for a time t is 
k'Ltv v /v. The change in longitudinal momentum is (( vt)m/L)v y and equating the 
expressions, canceling a factor of t and solving for v gives v 2 = ls k'/m. 

An equivalent method is to use the result of Problem 11.82(a), which relates the 
force constant k' and the “Young’s modulus” of the Slinky rM , k' = YA/L, or Y = k' Lj A. 
The mass density is p = m/(AL), and Eq.(16.8) gives the result immediately. 


b) (2.00 m)^! .50 N/m)/(0.250kg) = 4.90 m/s. 



15 . 79 : a) Aj^ q^üí .l^ 
Ax Am/n 2 \õtj 


b) . coA sin(Tx - cot) and so 


u k = —juco 2 A 2 sin 2 (kx - cot). 


c) The piece has width Ax and height Ax-T, and so the length of the piece is 


(Ax) 2 + 


V 5xy 


2V/2 


f x2V /2 


= Ax 


1 + 


r dy} 

\õxj 


' Ax 


1+ I(* 

2 \ÕX j 


where the relation given in the hint has been used. 


d) 

e) 


u v = F 


f- = -kA sin{kx - cot), and so 


Ay í 1 + |(f) 2 ]^ Ax 1 J ^ 


Ax 


■ = -F\ 
2 


yõxj 


u 


p 


~Fk^A 2 sin 2 (kx-cot) 


and f) comparison with the result of part (c)with k 2 = co 2 / v 2 = co 2 fi/F, shows that for a 
sinusoidal wave U k = UV p . g) In this graph, u k and u p coincide, as shown in part 

(f). 




















15.80: a) The tension is the difference between the diver’s weight and the buoyant force, 
F = (m -p Witcr V)g = (120 kg -(1000 kg/m 3 )(0.0800m 3 )(9.80 m/s 2 )) = 392 N. 


b) The increase in tension will be the weight of the cable between the diver and the point 
at x, minus the buoyant force. This increase in tension is then 


(jux - p(Ax))g = (1.10 kg/m-(1000 kg/m 3 )7r(1.00xl0 2 m) 2 )(9.80 m/s 2 )x 
= (7.70 N/m)x 

The tension as a fimction ofx is then F(x) = (392 N) + (7.70 N/m)x. c) Denote the 
tension as F(x) = F 0 + ax, where F 0 = 392 N and a - 7.70 N/m. Then, the speed of 
transverse waves as a fimction ofx is v = * = -J(F 0 + ax ) /p and the time t 
needed for a wave to reach the surface is found ffom 


t = 



í 




+ ax 


dx. 


Let the length of the cable be L, so 


t = 


771 


dx 


0 yjF 0 + ax 


■^[jü-^F 0 + ax 


F n + aL - J F, 


2^/lTO kg/m 
7.70 N/m 


(-y/392 N + (7.70 N/m)(100 m) - y/392 N) = 3.98 s. 



15.81: The tension in the rope will vary with radius r. The tension at a distance r from 
the center must supply the force to keep the mass of the rope that is further out than r 
accelerating inward. The mass of this piece in m , and its center of mass moves in a 

circle of radius L ^ L , and so 


r(r) = 


L 


m- 


L 


co 


L + r 
L 


meo 
2 L 


( L 2 ~r 2 ). 


An equivalent method is to consider the net force on a piece of the rope with length dr 
and mass dm = dr m/L. The tension must vary in such a way that 
T(r)-T(r + dr) = -co 2 rdm, or-^ = -{meo 2 /L)r dr. This is integrated to obtained 
T(r) = -(meo 2 j 2 L)r 2 + C, where C is a constant of integration. The tension must vanish 
at r = L, from which C = (meo 2 Lj'2) and the previous result is obtained. 

The speed of propagation as a function of distance is 


m _\ik»4êz 



m 


■ã 


where -f- > 0 has been chosen for a wave traveling from the center to the edge. 
Separating variables and integrating, the time t is 

V2 f£ dr 


t = 


J co Jc 


Jo ^L 2 -i 


The integral may be found in a table, or in Appendix B. The integral is done explicitly by 
letting r = Lsm6,dr = L cos 6 dd , V L 2 - r 2 = L cos 0, so that 


I 


dr 




= = 0 = aresin—, and 
• 2 L 


t = ^-arcsin(l) = —]=■ 
co eod 2 



15.82: a)§; = kA Sw cos kx sincot, = - coA sw (osmkx cos cot, and so the instantaneous 
power is 

P = FA 2 sw (ok (sin kx cosfc»c)(sin cot cos cot) 

1 

= — FA~ sv coksin(2kx)sin(2cot). 

4 

b) The average value of P is proportional to the average value of sin(2íyt), and the 
average of the sine function is zero; P av = 0. c) The waveform is the solid line, and the 
power is the dashed line. At time t -Tz/2co,y = 0 and P = 0 and the graphs coincide, d) 
When the standing wave is at its maximum displacement at all points, all of the energy is 
potential, and is concentrated at the places where the slope is steepest (the nodes). When 
the standing wave has zero displacement, all of the energy is kinetic, concentrated where 
the particles are moving the fastest (the antinodes). Thus, the energy must be transferred 
ffom the nodes to the antinodes, and back again, twice in each cycle. Note that | P | is 

greatest midway between adjacent nodes and antinodes, and that P vanishes at the nodes 
and antinodes. 



-O.S 













15.83: a) For a string, f n = ijpj; and in this case, n = 1. Rearranging this and solving 
for F gives F = lAls f 2 . Note that u = nr 2 p, 

so ju = 203 xlO 3 m) 2 (7800 kg/m 3 ) = 1.01 x 10 3 kg/m. Substituting values, 

F = (1.01 x 10 ~ 3 kg/m)4(.635m) 2 (247.0 Hz ) 2 =99.4N. 


b) To fínd the fractional change in the lfequency we must take the ration of Af to / 

/ = 2zif 


A(/) = A 


IT' 

2 L\ju 


- A 


2 L^ü 




A/ = 


1 1 A F 

IlPÍiI^f' 


Now divide both sides by the original equation for / and cancel terms: 


V 

f 


1 1 AF 

2lPJi 2 Vf 

í ÍF 

2 L yj n 


A/ _1 A F 

c) From Section 17.4, AF = - YaAAT, so 
AF = -( 2 .OO x 10 11 Pa)(l .20 x 1 0“ 5 /C°)x (tt(.203 x 10 " 3 m ) 2 )(1 1°C) = 3.4 N. Then, A F/F = 
-0.034, A/// = -0.017,andfmally, Af = -4.2Hz,or the pitch falis. This also explains 
the constant the constant tuning in the string sections of symphonic orchestras. 



Capítulo 16 



16.1: a) À, = v// = (344 m/s)/(100 Hz) = 0 . 344 / 7 ?. b) if p —> 1000 p 0 , then A —» 
1000^) Therefore, the amplitude is 1 .2 x 1 0 5 m. c) Since /; max = BkA, increasing /; max 
while keeping A constant requires decreasing k, and increasing n , by the same factor. 
Therefore the new wavelength is (0.688 m)(20) = 6.9 m, / new = = 50 Hz. 


6.9 m 


16.2: 


a - 

2 nBf 


(3.0x10 z Pa)(1480m/s) 
n 9i 


or A = 3.21 x 10 m. The much higher bulk modulus 

2it(2.2xlO y Pa) (1000 Hz) 

increases both the needed pressure amplitude and the speed, but the speed is proportional 
to the square root of the bulk modulus. The overall effect is that for such a large bulk 
modulus, large pressure amplitudes are needed to produce a given displacement. 


16.3: From Eq. (16.5), p max = BkA = 2n BA/k = 2 nBA f jv. 

a) 2^(1.42 x 10 5 Pa) (2.00xIO ' 5 m)(150Hz)/(344 m/s) = 7.78Pa. 

b) 10 x 7.78Pa = 77.8Pa. c) 100 x 7.78Pa = 778Pa. 

The amplitude at 1500 Hz exceeds the pain threshold, and at 15,000 Hz the sound 
would be unbearable. 


16.4: The values lfomExample 16.8 are 5 = 3.16x10 4 Pa, / = 1000 Hz, 

A = 1.2xlO -8 m. Using Example 16.5, v = 344 m/s = 295 m/s, so the pressure 

amplitude of this wave is /; max = BkA = B —A = (3.16 x 10 4 Pa). 

v 

27r( 1000Hz) (1.2x 10~ g m) = 8 .1 x 10 ~ 3 Pa. This is (8.1xl0 ' 3 Pa)/(3.0x IO ' 2 Pa) = 0.27 
295 m/s 

times smaller than the pressure amplitude at sea levei (Example 16-1), so pressure 
amplitude decreases with altitude for constant frequency and displacement amplitude. 

16.5: a) Using Equation (16.7), B = v 2 p = (>/) 2 ,so B = [(8 m)(400/s)] 2 x 
(1300 kg/m 3 ) = 1.33xlO 10 Pa. 

b) Using Equation (16.8), Y = v 2 p = (L/t) 2 p = [(1.5 m)/(3.9x 10 4 s ] ” 
x (6400 kg/m 3 ) = 9.47 x 10 10 Pa. 



16.6: a) The time for the wave to travei to Caracas was 9 min 39 s = 579 s and the 
speed was 1.085x10 4 m/s (keeping an extra figure). Similarly, the time for the wave to 
travei to Kevo was 680 s for a speed of 1.278x10 4 m/s, and the time to travei to Vienna 
was 767 s for a speed of 1.258xl0 4 m/s. The average speed for these three 
measurements is 1.21x10 4 m/s. Due to variations in density, or reflections (a subject 
addressed in later chapters), not all waves travei in straight lines with constant speeds. 
b) From Eq. (16.7), B = v 2 p, and using the given value of p = 3.3 x 10 3 kg/m 3 and the 
speeds found in part (a), the values for the bulk modulus are, respectively, 

3.9xl0 u Pa, 5.4xlO u Pa and 5.2xlO n Pa. These are larger, by a factor of 2 or 3, than 
the largest values in Table (11-1). 


16.7: Use v water = 1482 m/s at 20°C, as given in Table (l 6. l) The sound wave traveis 
in water for the same time as the wave traveis a distance 22.0 m -1.20 m = 20.8 m in air, 
and so the depth of the diver is 

( 20.8 m)^í£L = ( 20.8 m ) l482m/s = 89 6 m 

v air 344 m/s 

This is the depth of the diver; the distance lfom the horn is 90.8 m. 


16.8: a), b), c) Using Eq. (l 6.10), 


/(l .41) (8.3145 J/mol ■ K) (300.15 K) 
\ (2.02 x 10~ 3 kg/mol) 

1(1.67)(8.3145 J/mol • K)(300.15 K) 
\ ( 4 .OO xlO -3 kg/ moí] 

I (l.67) (8.3145 J/mol • K) (300.15 K) 
'■y (39.9 xio -3 kg/ mol) 


= 1.32x10 3 m/s 
= 1.02x10 3 m/s 
= 323 m/s. 


d) Repeating the calculation ofExample 16.5 at T — 300.15K gives v air = 348 m/s, and 
so v H 2 = 3.80 v air , v He = 2.94 v air and v Ar = 0.928 v air . 



16.9: Solving Eq. (16.10) for the temperature, 


T = 


Mv 2 

yi? 


(28.8 x 10 -3 kg/mol) 


V 850 km/h 
v 0.85 


1 m/s 


V3.6 km/hry 


(l .40X8.3145 J/mol-K) 


= 191 K, 


or - 82°C. b) See the results of Problem 18.88, the variation of atmospheric pressure 
with altitude, assuming a non-constant temperature. If we know the altitude we can use 


the result of Problem 18.88, p - p 0 


i_o 


(Mg 
A «a 


. Since T = T 0 - ay, 


forT = 191K, a = .6xlO' 2o C/m, and T 0 = 273 K,y = 13,667 m (44,840 ft). Although a 


very high altitude for commercial aircraft, some military aircraft fly this high. This result 
assumes a uniform decrease in temperature that is solely due to the increasing altitude. 
Then, if we use this altitude, the pressure can be found: 


P = Po 


(.6 x 10~ 2 °C/m) (13,667 m) 
273 K 


'(28.8xl(T 3 kg/mol)(9.8m/s 2 ) 
\(8.315 j/mol-K)(.6xl(V 2o C/m) 


and p = p o (.70) 566 = . 13p 0 , or about .13 atm. Using an altitude of 13,667 m in the 
equation derived in Example 18.4 gives p = . 18p 0 , which overestimates the pressure due 
to the assumption of an isothermal atmosphere. 


16.10: As in Example 16 -5, with T = 21°C = 294.15 K, 


v =. 


y RT _ í (1.04)(8.3145 J/mol K)(294.15K) _ ^ m/$ 
V M V 28.8x10 3 kg/mol 


The same calculation with T = 283.15K gives 344.22 m/s, so the increase is 0.58 m/s. 


16.11: Table 16.1 suggests that the speed of longitudinal waves in brass is much higher 
than in air, and so the sound that traveis through the metal arrives first. The time 
difference is 


At 


_L _ L_ 

kl ir ^lirass 


80.0 m _ 80.0 m _ 

344 m/s ^(0.90x10“ Pa)/(8600 kg/m 3 ) 


0.208 s. 



/ (1.40)(8.3145 J/mol • K)(300.15 K) f(1,40)(8.3145 J/mol • K)(260.15 K) 

' \ (28.8 xlO -3 kg/mol) \ (28.8xl0' 3 kg/mol) 

= 24 m/s. 


(The result is kiiown to only two figures, being the difference of quantities known to 
tliree figures.) 


16.13: The mass per unit length // is related to the density (assumed uniform) and the 
cross-section area Aby p- Ap, so combining Eq. (15.13) and Eq. (16.8) with the given 
relations between the speeds, 


Y 

P 



so F/A = 


Y 

900 


16 . 14 : 112- 11)10 P *>/< 8 - 9x1101 ^2 = 16 , 0m . 

/ / 220 Hz 

b) Solving for the amplitude A (as opposed to the area a = nr 2 ) in terms of the average 
power P av = Ia, 


A = 


(2 Pja) 

1 


2(6.50 xl0- 6 )W)/(7r(0.800xlQ- 2 m) 2 ) 

' 7(8.9 x 10 3 kg/m 3 )(11.0 x 10 10 Pa) (2^(220 Hz)) 3 


= 3.29xl0“ 8 m. 


c) ooA = 2nfA = 27r(220Hz)(3.289x 10~ 8 m) = 4.55 xlO^ 5 m/s. 



16 . 15 : a) See Exercise 16.14. The amplitude is 



2(3.00 x IO" 6 W/m 2 ) 


7(1000 kg/m 3 )(2.18xl0 9 Pa)(2w(3400 Hz)) 2 


9.44x IO 11 m. 


The wavelength is 


v s[b]~P V(2. 18x1 ° 9 pa )/( 1000 kg/m 3 ) 
/“ / 3400 Hz 


b) Repeating the abo ve with B = yp = 1.40 x 10 5 Pa and the density of air gives 
A = 5.66 x 10 9 m and X = 0.100 m. c) The amplitude is larger in air, by a factor of about 
60. For a given ffequency, the much less dense air molecules must have a larger 
amplitude to transfer the same amount of energy. 


16 . 16 : FromEq. (16.13), I = vp^ x /2B, and ffoiuEq. (19.21), v 2 =B/p. Using 
Eq. (16.7) to eliminate v,I = (V77)aLx/ 25 = 7,ax/ 2 VÃS- Using Eq. (16.7) to 
eliminate B, I = vp^Jliy 1 p) = p 2 max /2pv. 


16 . 17 : a ) Pmax =BkA = 


2ttB/A _ 2tt(1.42x 10 5 Pa) (150 Hz) (5.00x10 -6 m) 
v (344 m/s) 


= 1.95 Pa. 


b) FromEq. (16.14), 

I = plj2pv = (1.95 Pa) 2 /(2 x (1.2 kg/m 3 )(344 m/s)) = 4.58x 10" 3 W/m 2 . 

c) 10xlog(7^±)=96.6dB. 



16 . 18 : (a) The sound levei is 

P = (10 dB) log ± so p = (10 dB) log , or /? = 57 dB. 

b) First find v, the speed ofsound at 20.0°C, fromTable 16.1, v = 344 m/s. 
The density of air at that temperature is 1.20 kg/m 3 . Using Equation (16.14), 

/ = ^ max =- (0-150 N/m ) - or / _ 2.73 x 10 5 W/m 2 . Using this in Equation 

2pv 2(1.20 kg/m 3 )(344 m/s) ' 

(16.15), p = (10dB)log 2 ' 73 * 1 , 0 W/m ,or p = 74.4dB. 

10 12 W/m 2 


16 . 19 : a) As in Example 16.6, / 


(6.0xl0~ 5 Pa) 2 
2(1.20 kg/m 3 )(344 m/s) 


4.4xl0 ~ 12 W/m 2 ./? = 6.40dB. 


16 . 20 : a) 10 x log (^) = 6.0 dB. b) The number must be multiplied by four, for an 
increase of 12 kids. 


16 . 21 : Mom is five times further away than Dad, and so the intensity she hears is 
-/r = 5 2 of the intensity that he hears, and the difference in sound intensity leveis is 
10x log(25) = 14 dB. 


16 . 22 : 

A(Sound levei) = 75 dB - 90 dB = -25 dB 
A(Sound levei) = 10 log// -10 log-^- = 10 logy- 
Therefore 
-25 dB = 10 log/)- 

U = i 0 - 2 - 5 =3.2xl0 ' 3 

16 . 23 : p = (10dB)log^-, or 13 dB = (10dB)log^. Thus, l/l 0 = 20.0, or the intensity has 
increased a factor of 20 . 0 . 



16.24: OpenPipe: 


Closed at one end: 


Taking ratios: 





v 

594 Hz 


X, =4L = — 

/ 


2L 
AL 


v/594 Hz 

y/f 


594 Hz 

= = 297 Hz 

■' r\ 


16.25: a) Refer to Fig. (16.18). i) The fundamental has a displacement node at 
j = 0.600 m, the First overtone mode has displacement nodes at / = 0.300 m 
and = 0.900 m and the second overtone mode has displacement nodes at 
/ = 0.200 m, y = 0.600 m and ^ = 1.000 m. ii) Fundamental: 0, L = 1.200 m. First: 0, 

Y = 0.600 m, L = 1.200 m. Second : 0, y = 0.400 m, 7/- = 0.800 m, L = 1.200 m. 

b) Refer to Fig. (16.19); distances are measured ffom the right end of the pipe in 
the figure. Pressure nodes at: Fundamental: L = 1.200 m. First overtone: 

L/3 = 0.400 m, L = 1.200 m. Second overtone: L/5 = 0.240 m, 

3L/5 = 0.720 m, L = 1.200 m. Displacement nodes at Fundamental: 0. First 
overtone: 0,2L/3 = 0.800 m. Second overtone: 0, 2L/5 = 0.480 m, 4L/5 = 0.960 m 


16.26: a)/ 1= ^ = f^ = 382Hz, 2f = 764 Hz, / 3 = 3/i =1147 Hz, 

/ 4 = 4/i =1529 Hz. 

b) f = -fi. = 191 Hz , / 3 = 3 f = 573 Hz, / 5 = 5 f = 956 Hz , / 7 = lf = 1338 Hz. Note that 
the symbol “/, ” denotes different frequencies in the two parts. The frequencies are not 
always exact multiples of the fundamental, due to rounding. 

c) Open: = 52.3, so the 52 nd harmonic is heard. Stopped; LLLL - 104.7, so 103 rd 

highest harmonic heard. 


16.27: f 


(344 m/s) 
4(0.17 m) 


506 Hz, / 2 = 3/i =1517 Hz, f 3 = 5f 


2529 Hz. 



16 . 28 : a) The fundamental ffequency is proportional to the square root of the ratio f 
(see Eq. (16.10)), so 


f He 


f. 

J aii 


Y H e M air 
Yair M He 


(262 Hz) 


(5/3) 28.8 
(7/5)' 4.00 


767 Hz, 


b) No; for a fixed wavelength , the ffequency is proportional to the speed of sound in 
the gas. 


16 . 29 : a) For a stopped pipe, the wavelength of the fundamental standing wave is 
AL - 0.56 m, and so the ffequency is /, = (344 m/s)/(0.56 m) = 0.614 kHz. b) The length 
of the column is half of the original length, and so the ffequency of the fundamental 
mode is twice the result of part (a), or 1.23 kHz. 

16 . 30 : For a string fixed at both ends, Equation (15.33), f n = f/, is useful. It is 
important to remember the second overtone is the third harmonic. Solving for v, v = 
and inserting the data, v = ( 2 )(- 635 ™>( 588 /s) ? anc ] v = 249 m/s. 


16 . 31 : a) For constructive interference, the path difference d = 2.00 m niust be equal to 
an integer multiple ofthe wavelength, so L n = d/n, 


fn 


V 







344 m/s 

n -— 

2.00 m 


= n(\ 72 Hz). 


Therefore, the lowest ffequency is 172 Hz. 

b) Repeating the abo ve with the path difference an odd multiple of half a 
wavelength, f n = (n + f)(l 72 Hz). Therefore, the lowest ffequency is 86 Hz (n = 0). 



16 . 32 : The difference in path length is A x = \L — x) — x = L — 2x, or x-[L — Ax)/2. For 
destructive interference, Ax = (n + (l/2))k ,and for constructive interference, Ax = nk. The 
wavelength is k — v/f = (344 m/s)/(206 Fiz) = 1.670 m (keeping an extra figure), and so 
to have 0 < x < L, - 4 < n < 3 for destructive interference and - 4 < n < 4 for constructive 
interference. Note that neither speaker is at a point of constructive or destructive 
interference. 

a) The points of destructive interference would be at x = 0.58 m, 1.42 m. 

b) Constructive interference would be at the points x = 0.17 m, 1.00 m, 1.83 m. 

c) The positions are very sensitive to frequency, the amplitudes of the waves will not 
be the same (except possibly at the middle), and exact cancellation at any frequency is 
not likely. Also, treating the speakers as point sources is a poor approximation for these 
dimensions, and sound reaches these points after reflecting frorn the walls , ceiling, and 
íloor. 


16.33: k — v/ f — (344 m/s)/(688 Hz) = 0.500 m 

To move from constructive interference to destructive interference, the path 
difference must change by k/2. If you move a distance xtoward speaker B, the distance 
to B gets shorter by x and the difference to A gets longer by x so the path difference 
changes by 2x. 

2x = k/2 and x = k/4 = 0.125 m 


16.34: We are to assume v = 344m/s, so k = v/f = (344m/s)/(l72Hz) = 2.00m. If 
r A - 8.00 m and r B are the distances of the person from each speaker, the condition for 
destructive interference is r B -r A = (n + |)k, where n is any integer. Requiring 
r B = r A + {n + y)k > 0 gives n + \> ~r A /k = -(8.00m)/(2.00m) = -4, so the smallest 
value of r B occurs when n = -4, and the closest distance to B is 
r B = 8.00 m + (- 4 + ^Çf2 .00 m) = 1.00 m. 



16.35: X = v/f = (344 m/s)/(860 Hz) = 0.400 m 
The path difference is 13.4 m -12.0 m = 1.4 m. 
path difference _ ^ ^ 

X “ 

The path difference is a half-integer number of wavelengths, so the interference is 
destructive. 


16.36: a) Since / beat = f a —f b , the possible frequencies are 440.0 Hz ± 1.5 Hz = 

438.5 Hz or 441.5 Hz b) The tension is proportional to the square of the frequency. 
Therefore T <x f 2 and AT cc2fAf. So A f = ^j~.i)-^= = 6.82xl0~ 3 . 

«l^^+íir 1 — 6 - 82 *! 0 ' 3 - 

16.37: a) A frequency of -j(l08 Hz +112 Hz) = 110 Hz will be heard, with a beat 
frequency of 112 Hz-108 Hz = 4 beats per second. b) The maximum amplitude is the 
sum of the amplitudes of the individual waves, 2(l .5x10 s m) = 3.0 x 10~ 8 m. The 
minimum amplitude is the difference, zero. 


16.38: Solving Eq. (16.17) for v, with v L = 0, gives 


v = ■ 


Ã 


fs-fi 


v s = 


1240 Hz 


1200 Hz-1240Hz 


(-25.0 m/s) = 775 m/s, 


or 780 m/s to two figures (the difference in frequency is known to only two figures). 
Note that v s < 0, since the source is moving toward the listener. 


16.39: Redoing the calculation with +20.0 m/s for v s and - 20.0 m/s for v L gives 267 
Hz. 

16.40: a)FromEq. (l6.17),withv s = 0,v L = -15.0m/s,/) = 375Hz. 

b) Withv s = 35.0m/s, v L = 15.0m/s, f' B = 371 Hz. 

c) f' A - f' B - 4 Hz (keeping an extra figure in /'). The difference between the 
frequencies is known to only one figure. 



16.41: In terms of wavelength, Eq. (16.29) is 


v + v 
V + V, 


a) v L = 0, v s = -25.0 m and A L = ( 344 )(344 m/s)/(400 Hz) = 0.798 m. This is, of 
course, the same result as obtained directly ifom Eq. (16.27). 

v s = 25.0 m/s and v L = (369 m/s )/(400 Hz) = 0.922 m. The lfequencies corresponding to 
these wavelengths are c) 431 Hz and d) 373 Hz. 


16.42: a) In terms of the period of the source, Eq. (16.27) becomes 

A, / 0.12 m , 

v s = v-= 0.32 m/s-= 0.25 m/s. 

T s 1.6 s 

b) Using the result ofpart (a) in Eq. (16.18), or solving Eq. (16.27) for v s and 
substituting into Eq. (16.28) (making sure to distinguish the symbols for the different 
wavelengths) gives A = 0.91 m. 


16.43: / L = 


^v + v, ^ 


v v + v sy 


/s 


a) The direction from the listener to source is positive, so v s = - v/2 and v L = 0. 


/l = 


v-v /2 


/ s = 2/ s =2.00 kHz 


b) v s = 0 , v L = + v /2 


k 


f v + v /2 


/ s ={/ s = 1.50 kHz 


V v j 

This is less than the answer in part (a). 

The waves travei in air and what matters is the velocity of the listener or source 
relative to the air, not relative to each other. 


16.44: For a stationary source, v s = 0, so f L = £J-/ S = (l + v L /v)/ s , 
which gives v L = v(-)h -1) = (344 m/ sX/f/jy/ -1) = -19.8 m/s. 

This is negative because the listener is moving away from the source. 



16.45: a) v L =18.0m/s,v s =-30.0m/s, and Eq.(l6.29)gives/ L = (if}X262Hz) 
= 302 Hz. b) v L = -18.0 m/s, v s = 30.0 m/s and f L = 228 Hz. 

16.46: a) In Eq. (16.31), v/v s = 1/1.70 = 0.588 and a = arcsin(0.588) = 36.0°. 
b) As in Example 16.20, 

t = -(950 m)-= 2 23 s 

(1.70) (344 m/s) (tan(36.0°)) 



16.47: a) Mathematically, the waves given by Eq. (16.1) and Eq. (16.4) are out of 
phase. Physically, at a displacement node, the air is most compressed or rarefied on either 
side of the node, and the pressure gradient is zero. Thus, displacement nodes are pressure 
antinodes. b) (This is the same as Fig. (16.3).) The solid curve is the pressure and the 
dashed curve is the displacement. 



c) 

n 


t 

The pressure amplitude is not the same. The pressure gradient is either zero or 
undefined. At the places where the pressure gradient is undefíned mathematically (the 
“cusps” of the y - xplot), the particles go from moving at uniform speed in one direction 
to moving at the same speed in the other direction. In the limit that Fig. (16.43) is an 
accurate depiction, this would happen in a vanishing small time, hence requiring a very 
large force, which would result from a very large pressure gradient. d) The statement is 
true, but incomplete. The pressure is indeed greatest where the displacement is zero, but 
the pressure is equal to its largest value at points other than those where the displacement 
is zero. 


16.48: The altitude of the plane when it passes over the end of the runway is 
(1740 m -1200m)tan 15° = 145 m, and so the sound intensity is l/(1,45) 2 of what the 
intensity would be at 100 m. The intensity levei is then 

100.0 dB -10 x log [(1.45) 2 ] = 96.8 dB, 


so the airliner is not in violation of the ordinance. 




























16.49: a) Combining Eq. (16.14) and Eq. (16.15), 


^ m ax = V 2 ^4 10<MO) = V 2 ^- 20 ^/^)! 3441 ^ 8 )! 10 ^ w/m 2 )io 5 - 20 

-1.144x10" Pa, 


or =1.14x10 2 Pa, to three figures. b) FromEq. (16.5), and as in Example 16.1, 


A= P^ = P JB U = (1.144x 10" Pa) (344m/s) = ? 5 , x , r » m 
Bk Blnf 2 k {\.42 x 10 5 Pa)(587 Hz) 

c) The distance is proportional to the reciprocai of the square root of the intensity, and 
hence to 10 raised to half of the sound intensity leveis divided by 10. Specifically, 

(5.00 m)10 (5 ' 20_3 ' 00)/2 = 62.9 m. 


16.50: a) p = IA = 7 0 10 (/?/lodB) A. b) (l .00x10 12 W/m 2 )(10 550 )(1.20m 2 ) 
= 3.79x 10~ 7 W. 


16.51: For the flute, the lluidamental lfequency is 
v 344.0 m/s =goaoHz 


fu = 

4 L 4(0.1075 m) 

For the flute and string to be in resonance, 

«f/jf = n s f s , where f s = 600.0 Hz is the fiindamental lfequency for the string. 


«s =«f(/lf//ls)= 3 W f 

n s is an integer when n { = 3/V, /V = 1,3,5... (the flute has only odd harmonics) 
n f = 3 N gives n s = 4 N 

Flute harmonic 3/V resonates with string harmonic 4/V, N = 1,3,5,... 



16 . 52 : (a) The length of the string is d = Lj 10, so its third harmonic has frequency 

ff""- =3 jj-Jf/ii. The stopped pipe has length Z, so its fírst harmonic has frequency 

V / 1 T 

f pipe _ Equating these and using d - Z/l 0 gives F -«v . 

1 4Z 6/6 3600 s 

(b) If the tension is doubled, all the frequencies of the string will increase by a factor of 

\Í2 . In particular, the third harmonic of the string will no longer be in resonance with the 
fírst harmonic of the pipe because the frequencies will no longer match, so the sound 
produced by the instmment will be diminished. 

(c) The string will be in resonance with a standing wave in the pipe when their 
frequencies are equal. Using /j pipe = 3 f stnng , the frequencies of the pipe are 

n/i pipe = 3nf l s ' nne , (where n= 1, 3, 5...). Setting this equal to the frequencies of the string 
nff rmg , the harmonics of the string are n = 3 n = 3,9,15,... 


16.53: a) For an open pipe, the difference between successive frequencies is the 
fundamental, in this case 392 Hz, and all frequencies would be integer multiples of this 
frequency. This is not the case, so the pipe cannot be an open pipe. For a stopped pipe, 
the difference between successive frequencies is twice the fundamental, and each 
frequency is an odd integer multiple of the fundamental. In this case, 
f =196 Hz, and 1372 Hz = 1 f, 1764 Hz = 9f. b) n = 7 for 1372 Hz,« = 9for 1764Hz. 
c) /; = v/4Z, so Z = v/4 f x = (344m/s)/(784 Hz) = 0.439m. 


16.54: The Steel rod has standing waves much like a pipe open at both ends, as shown 
in Figure (16.18). An integral number of half wavelengths must fit on the rod, that is, 

- _ nv 
“ 2Z ' 

a) The ends of the rod are antinodes because the ends of the rod are free to ocsillate. 

b) The fundamental can be produced when the rod is held at the middle because a 
node is located there. 

c) y ( 1 )( 5941m / s ) = i980Hz. 

1 2(1.50 m) 

d) The next harmonic is n = 2, or f 2 = 3961 Hz. We would need to hold the rod at an 
n = 2 node, which is located at Z/4 froin either end, or at 0.375 m froin either end. 



16.55: The shower stall can be modeled as a pipe closed at both ends, and hence there 
are nodes at the two end walls. Figure (15.23) shows standing waves on a string fixed at 
both ends but the sequence of harmonics is the same, namely that an integral number of 
half wavelengths must fit in the stall. 

a) The condition for standing waves is f n = -fjr, so the first three harmonics are 
n = 1, 2, 3. 

b) A particular physics professor’s shower has a length of L = 1.48 m. Using f, =jj, 
the resonant lfequencies can be found when v = 344 m/s. 

n f( Hz) 

1 116 

2 232 

3 349 

Note that the fundamental and second harmonic, which would have the greatest 
amplitude, are ffequencies typically in the normal range of inale singers. Hence, men do 
sing better in the shower! (For a further discussion of resonance and the human voice, see 
Thomas D. Rossing , The Science of Sound, Second Edition, Addison-Wesley, 1990, 
especially Chapters 4 and 17.) 


16.56: a) The cross-section area of the string would be 
a = (900 N)/(7.0 x 10 8 Pa) = 1.29 x 10~ 6 m 2 , corresponding to a radius of 
0.640 mm (keeping extra figures). The length is the volume divided by the area, 

L _V_m/p_ (4,00 x 10 3 kg) - 0 /| 0m 

a a (7.8xl0 3 kg/m 3 )(1.29xl0 6 nr) 


b) Using the above result in Eq. (16.35) gives f = 377 Hz, or 380 Hz to two figures. 



16.57: a) The second distance is midway between the fírst and third, and if there are no 
other distances for which resonance occurs, the difference between the fírst and third 
positions is the wavelength X = 0.750 m. (This would give the fírst distance as 
A./4 = 18.75 cm, but at the end of the pipe, where the air is not longer constrained to move 
along the tube axis, the pressure node and displacement antinode will not coincide exactly 
with the end). The speed of sound in the air is then v = JX = (500Hz)(0.750m) = 375 m/s. 

b) Solving Eq. (16.10) for y, 

_ Mv 2 _ (28.8 xl0 ~ 3 kg/mol)(375m/s ) 2 ^ 

y ~ RT ~ (8.3145 J/moTK)(3 50.15 K) 

c) Since the fírst resonance should occur at r/4 = 0.875 m but actually occurs at 
0.18 m, the difference is 0.0075 m. 


16.58: a) Considering the ear as a stopped pipe with the given length, the frequency of 
the fundamental is j\ = v/4 L = (344 m/s)/(0.10 m) = 3440 Hz; 3500 Hz is near the 
resonant frequency, and the ear will be sensitive to this frequency. b) The next resonant 
frequency would be 10,500 Hz and the ear would be sensitive to sounds with frequencies 
close to this value. But 7000 Hz is not a resonant frequency for an open pipe and the ear 
is not sensitive at this frequency. 


16.59: a) From Eq. (15.35), with m the mass of the string and Mthe suspended mass, 


Á 


F Mg 

V 4mL \nd 2 L 2 p 

I (420,0 xlQ- 3 kg)(9.80 m/s 2 ) 

]] k (225 x 10 ' 6 m) 2 (0.45 m) 2 (21.4 x 10 3 kg/m 3 ) 


77.3 Hz 


and the tuning fork frequencies for which the fork would vibrate are integer multiples of 
77.3 Hz. b) The ratio mf M « 9 x 10 ~ 4 , so the tension does not vary appreciably along 
the string. 



16.60: a) L = À/4 = v/4/ = (344m/s)/(4(349 Hz)) = 0.246 m. b) The irequency will 

be proportional to the speed, and hence to the square root of the Kelvin temperature. 

The temperature necessary to have the irequency be lrigher is 

(293.15 K)(1.060) 2 =329.5 K, 


which is 56.3° C. 


16.61: 


The wavelength is twice the separation of the nodes, so 


v = Xf = 2Lf 



Solving for y, 


y 


—(2 Lf) 2 
RT 


(16.0x10 -3 kg) 
(8.3145 J/mol ■ K) (293.15 K) 


(2(0.200 m)(l 100 Hz)) 2 =1.27. 



16.62: If the separation of the speakers is denoted h, the condition for destructive 
interference is 


y/x 2 + h 2 - X- fí~K , 


where f> is an odd multiple of one-half. Adding x to both sides, squaring, cancelling the 
x 2 term ífomboth sides and solving for x gives 


h 2 

2/3X 


1 

2 


X. 


Using X = j and h ffom the given data yields 9.01 m (// = y), 2.71 m(/i = f), 1.27 m 
{fi = f), 0.53 m (// = |) and 0.026 m (/? = |). These are the only allowable values of f> 
that give positive Solutions for x. (Negative values of x may be physical, depending on 
speaker design, but in that case the difference between path lengths is y[x' ! +h 2 + x.) 
b) Repeating the above for integral values of [>, constructive interference occurs at 4.34 
m, 1.84 m, 0.86 m, 0.26 m. Note that these are between, but not midway between, the 
answers to part (a), c) If h = X/2, there will be destructive interference at speaker 
B. If X/2 > h, the path difference can never be as large as X/2 . (This is also obtained 
ffom the above expression for x, with x = 0 and [> = y.) The minimum ffequency is then 
v/2// = (344 m/s)/(4.0 m) = 86 Hz. 


16.63: a) 


/s = 


The wall serves as the listener, want 

r ^ 


v 


v + v Ly 


/l 


/l 


600 Hz. 


v L = 0, v s = -30 m/s, v = 344 m/s 
f s = 548 Hz 

b) Now the wall serves as a stationary source with 

/ \ 


/l = 


V + V T 


v V + V sy 


fs 


fs 


v s = 0,v L = +30 m/s,v = 344 m/s 


600 Hz 


/l = 652 Hz 



16.64: To produce a 10.0 Hz beat, the bat hears 2000 Hz from its own sound plus 2010 
Hz coming from the wall. Call vthe magnitude of the bat’s speed, / w the frequency the 

wall receives (and reflects), and Fthe speed of sound. 

Bat is moving source and wall is stationary observer: 


V _ V-v 
2000 Hz 


(D 


Bat is moving observer and wall is stationary source: 


V + v V 
2010Hz _ ~fí 


( 2 ) 


Solve (1) and (2) together: 

v = 0.858 m/s 


\ A A D Ui A 2 nBA 2nBAf 

16.65: a) A = AR ■ p max = BkA - — : — =-—. In 


X 


p mãX = InJpBfARJ = = 2jt 2 JpB f 2 (AR) 2 . 

b) P Jot = 4 tzR 2 I = 8n 3 yfpB f 2 R 2 (AR) 2 

r) J = T™!_ _ 2x 2 JkBf 2 R 2 (AR) 2 
' 4 kcI 1 d 2 ’ 


Pn 




2 nJpBf 


air 


v = 



. Therefore 


R(AR) 

d 



16.66: (See also Problems 16.70 and 16.74). Let f 0 = 2.00 MHz be the frequency of 
the generated wave. The frequency with which the heart wall receives this wave is 
/ H = and this is also the frequency with which the heart wall re-emits the wave. 

The detected frequency of this reflected wave is 

witli the minus sign indicating that the heart wall, acting now as a source of 


waves, is moving toward the receiver. Combining, /'////- f 0 , and the beat frequency is 


/beat =/'-/o 


Vv-v H J v-v H 


Solving for v. 


H’ 


V„ = V 


' A " 


' beat 


V ./beat J 


(1500 m/s) 


_ 85 Hz _ 

v 2(2.00x10 6 Hz) + (85 Hz) 


A 


J 


= 3.19xl0~ 2 m/s. 

Note that in the denominator in the final calculation, / beat is negligible compared to /„. 


16.67: a)l = v// = (1482 m/s)/(22.0xl0 3 Hz) = 6.74x10 2 m. b) See Problem 16.66 
or Problem 16.70; the difference in frequencies is 


A/ = / s 


2v„ 


v - V 


w J 


(22.0x10 3 Hz) 


2(4.95 m/s) 

(1482 m/s) - (4.95 m/s) 


147Hz. 


The reflected waves have higher frequency. 


16.68: a) The maximum velocity of the siren is co P /!,, = 2nf p A p . You hear a sound with 
frequency / L = / siren v/(v + v s ), where v s varies between + 2nf p A p and - 2nf p A p . 

So / L ^ max = / siren v/(v - 2nf v A v ) and f L _ mm = / siren v/(v + 2nf v A v ). 

b) The maximum (minimum) frequency is heard when the platform is passing through 
equilibrium and moving up (down). 



16 . 69 : a) Let v b be the speed of the bat, v ; the speed of the insect and the ffequency 
with which the sound waves both strike and are reflected from the insect. The frequencies 
at which the bat sends and receives the signals are related by 


A=f 


/ \ 

v + v b 

=/. 

fv + v^ 

/ X 

v + v b 

1 v - v i J 

f v ~ v bj 

[v-vj 


Solving for v ; , 


V; = V 


i_A 

Ã 


r 


V + V, 


v v _ v b y 


1 + Á 

A 


v v _ v b y 


= v 


/ L ( v - v b)-/s( v + v b) 

fA v - v b )+fÁ v+v b )_ 


Letting / L = / refl and f s = / bat gives the result. 

b) If /bat = 80 - 7 kllz ^ /refl = 83 ’ 5 kHz > and V bat = 3 - 9 W S > Tnsect = 2 ' 0 m / S • 


16.70: (See Problems 16.66, 16.74, 16.67). a) In a time t, the wall has moved a 
distance v l t and the wavelfont that hits the wall at time t has traveled a distance ví, where 

v = / 0 /, and the number of wavecrests in the total distance is <v ^ 1> ' . b) The reflected 
wave has traveled vt and the wall has moved v,/, so the wall and the wavelfont are 
separated by (v - v, )t. c) The distance found in part (b) must contain the number of 
reflected waves found in part (a), and the ratio of the quantities is the wavelength of the 
reflected wave, X Q . d) The speed v divided by the result of part (c), expressed in 

terms of / 0 is / 0 . This is what is predicted by the problem-solving strategy. 

n r _ f _ f 2V| 

0 V-V! J 0 J 0 v-v, • 



16 . 71 : a) 




/r-/li| - fs r —■ 

c + v ^1 + - 


= /s 


' 1 - 2 ' 

V cj 


1/2 


V cj 


- 1/2 


b) For small x, the binomial theorem (see Appendix B) gives (l - x ) 12 «1 - x/2, 


(l + x) 12 «l-x/ 2 , 


so 


/l*/s 


( V ) 

2 

( v\ 

1-— 

»/s| 

1-- 

V 2c J 

1 CJ 


where the binomial theorem has been used to approximate (l - x/ 2) 2 «1 - x. 

The above result may be obtained without resort to the binomial theorem by 
expressing / R in terms of / s as 


, = r Vi-Çv/C) Vl -(V/C) = 1-(V/C) 

S a / 1 + ( v / c ) V 1 “ ( v / c ) ' S V 1 - (v/c) 2 

To First order in v/c, the square root in the denominator is 1, and the previous result is 
obtained. c) For an airplane, the approximation v « c is certainly valid, and solving 
the expression fouiid in part (b) for v, 

v = c ÂzA. = c Ã*l = (3.00x 10 8 m/s) 46 '° *' Z = 56.8 m/s, 

/s / s 2.43 x1o 8 Hz 

and the approximation v « c is seen to be valid. Note that in this case, the frequency 
difference is known to tlrree figures, so the speed of the plane is known to three figures. 



16.72: a) As in Problem 16.71, 


v = 


/s-/r 

/s 


= (3.00x10 8 m/s) 


-0.018 xlO 14 Hz 
4.568 xlO 8 Hz 


—1.2 x 10 6 m/s, 


with the minus sign indicating that the gas is approaching the earth, as is expected since 
/r > /s- b) The radius is (952 yr) (3.156x 10 7 s/yr)(1.2xlO 6 m/s) = 3.6x 10 16 

m = 3.8 ly . This may also be obtained from (952 yr) " f . c) The ratio of the width 

of the nebula to 2 n times the distance from the earth is the ratio of the angular width 
(taken as 5 are minutes) to an entire circle, which is 60 x 360 arc minutes. The distance to 
the nebula is then (keeping an extra figure in the intermediate calculation) 


2x3.75 ly 


(60) x (360) 
5 


5.2x10 3 ly, 


so the explosion actually took place about 4100 B.C 


16.73: a) The frequency is greater than 2800 MHz; the thunderclouds, moving toward 
the installation, encounter more wavefronts per time than would a stationary cloud, and 
so an observer in the frame of the storm would detect a higher frequency. Using the result 
of Problem 16.71, with v = -42.0 Km/h, 


/r-/s = /s — = (2800x10 6 Hz) 
c 


(42.0 km/h) (3.6 km/h/l m/s) 
(3.00x10 8 m/s) 


109 Hz. 


b) The waves are being sent at a higher frequency than 2800 MHz from an approaching 
source, and so are received at a higher frequency. Repeating the above calculation gives 
the result that the waves are detected at the installation with a frequency 109 Hz greater 
than the frequency with which the cloud received the waves, or 218 Hz higher than the 
frequency at which the waves were originally transmitted at the receiver. Note that in 
doing the second calculation, / s = 2800 MHz + 109 Hz is the same as 2800 MHz to three 
figures. 



16.74: a) (See also Example 16.19 and Problem 16.66.) The wall will receive and 

V 

reflect pulses at a frequency-/ 0 , and the woman will hear this reflected wave at a 

v — v 

w 

frequency 


V + V w 

v 



V + v„ 


v — v„ 


■u 


The beat frequency is 


r 


■Aieal ./o 


V + v„ 


= /o 


2 v„ 


v v _ v w y 


b) In this case, the sound reflected ftoin the wall will ha ve a lower frequency, and 
using /o(v-v w )/(v + v w ) as the detected frequency (see Example 21-12; v w isreplaced 
by - v w in the calculation of part (a)), 


í 



V 



v + v, 


w / 


/o 


2 v„ 


v v + v w y 


16.75: Refer to Equation (16.31) and Figure (16.38). The sound traveis a distance vT 
and the plane traveis a distance vT before the boom is found. So, h 2 = (vT) 1 + (vT) 2 , or 
- - . v - hv 


vT 


■ v T . From Equation (16.31), sin a = —. Then, v s = , - 

v s v/E-v 2 r 2 



16.76: a) 





b) From Eq. (16.4), the function that has the given p(x, 0) at / = 0 is given 
graphically as shown. Each section is a parabola, not a portion of a sine curve. The period 
is À/v = (0.200 m)/(344 m/s) = 5.81 x 10 4 s and the amplitude is equal to the area under 
the p - x curve between x = 0 and x = 0.0500 m divided by B. or 7.04 x 10 m. 



c) Assuming a wave moving in the + x -direction, y( 0, /) is as shown. 



d) The maximum velocity of a particle occurs when a particle is moving throughout 
the origin, and the particle speed is v v = ~%v = -Ç. The maximum velocity is found lfom 

the maximum pressure, and v imax = (40Pa)(344m/s)/(1.42xl0 5 Pa) = 9.69 cm/s. The 
maximum acceleration is the maximum pressure gradient divided by the density, 


a 


max 


(80.0Pa)/(0.100m) 
(1.20 kg/m 3 ) 


6.67xlO 2 m/s 2 . 


e) The speaker cone moves with the displacement as found in part (c ); the speaker 
cone alternates between moving forward and backward with constant magnitude of 
acceleration (but changing sign). The acceleration as a function of time is a square wave 
with amplitude 667 m/s 2 and frequency / = v/À = (344 m/s)/(0.200m) = 1.72 kHz. 








































16.77: Taking the speed of sound to be 344 m/s, the wavelength of the waves emitted 
by each speaker is 2.00 m. a) Point C is two wavelengths from speaker A and one and 
one-half from speaker B , and so the phase difference is 180° = n rad. 


b) 



s.ooxio^w 

47t(4.00 m) 2 


3.98x1o 6 W/m 2 , 


and the sound intensity levei is (10 dB) log(3.98x 10 6 ) = 66.0 dB.Repeating with 
P = 6.00x 10 5 W and r = 3.00mgives/ = 5.31 xlO 7 W and /? = 57.2dB. c) With the 
result of part (a), the amplitudes, either displacement or pressure, must be subtracted. 
That is, the intensity is found by taking the square roots of the intensities found in part 
(b), subtracting, and squaring the difference. The result is that 
/ = 1.60 x 10~ 6 W and y? = 62.1 dB. 



Capítulo 17 



17.1: FromEq. (17.1), a)(9/5X-62.8) + 32 = -81.0°F. b) (9/5X56.7) + 32 = 134.1°F. 

c)(9/5)(31.l) + 32 = 88.0°F. 


17.2: FromEq.(17.2), a)(5/9)(41.0-32) = 5.0°C. b)(5/9Xl07-32) = 41.7°C. 

c) (5 / 9)(— 18 — 32) = -27.8°C. 

17.3: 1 C° = fF°, so 40.0 = 72.0 F° 

T 2 =T,+ 70.0 F° = 140.2°F 

17.4: a) (5/9) (45.0- (-4.0)) = 27.2° C. b) (5/9) (-56.0- 44) = -55.6° C. 

17.5: a)FromEq.(17.1),(9/5X40.2) +32 = 104.4°F, which is cause for worry. 

b) (9/5Xl2) +32 = 53 .6°F, or 54°F to two figures. 


17.6: (9/5Xl 1.8) = 21.2 F° 

17.7: 1K = 1 C° = f F°, so a temperature increase of 10 K corresponds to an increase 

of 18 F° . Beaker B has the higher temperature. 

17.8: For (b), AT C = AT K = -10.0 C°.Then for (a), AT F = |AF C = f(-10.0C°) 

= -18.0 F°. 

17.9: Combining Eq. (17.2) and Eq. (17.3), 

T k = |(7> -32°) +273.15, 

and substitution of the given Falrrenheit temperatures gives a) 216.5 K, b) 325.9 K, c) 
205.4 K. 

17.10: (In these calculations, extra figures were kept in the intermediate calculations 

to arrive at the numerical results.) a) T c = 400 - 273.15 = 127°C, T 7 = (9/5)(126.85) + 

32 = 260°F.b) T c = 95-273.15 = -178°C, T F = (9/5)(-l 78.15) + 32 = -289°F. 

c) T c = 1.55 x 10 7 -273.15 = 1.55 x 10 7 o C, T f = (9/5)(l.55x 10 7 ) + 32 = 2.79x 10 7 o F. 



17 . 11 : 


FromEq. (17.3), T K = (-245.92°C) + 273.15 = 27.23 K. 


17 . 12 : From Eq. (17.4), (7.476)(273.16 K) = 2042.14K - 273.15 = 1769°C. 

17 . 13 : FromEq. (17.4),(325.0mm)(|^|||-)= 444mm. 

17 . 14 : On the Kelvin scale, the triple point is 273.16 K, so 
°R = (9/5)273.15 K = 491.69°R. One could also look at Figure 17.7 and note that the 
Fahrenheit scale extends from - 460°F to + 32°F and conclude that the triple point is 
about 492 °R. 


17 . 15 : From the point-slope formula for a straight line (or linear regression, which, 
while perhaps not appropriate, may be convenient for some calculators), 

4 «0x10 4 Pa 

(0.01°C) - (100.0°C)-----= -282.33°C, 

6.50xl0 4 Pa-4.80xl0 4 Pa 


which is - 282°C to three figures. 

b) Equation (17.4) was not obeyed precisely. If it were, the pressure at the triple 
point would be P = (273.16) ( 6,5 3 °* 3 1( | 4 5 Pa ) = 4.76 x 10 4 Pa. 


17 . 16 : AT = (AL)/(aZ 0 ) = (25x 10~ 2 m)/((2.4x 10" 5 (C°X 1 (62.1 m))= 168° C, 
so the temperature is 183° C. 


17 . 17 : aL 0 AT = (1.2xl0~ 5 (C o )” 1 )(1410m)(18.0°C -(-5.0)°C) = +0.39m. 

17 . 18 : d + Ad = <7(1 + aAT) 

= (0.4500cm)(l + (2.4 x 10- 5 (CV)(23.0°C - (-78.0°C))) 

= 0.4511 cm = 4.511 mm. 

17 . 19 : a) aD 0 AT = (2.6xl0" 5 (C o )" 1 )(1.90cm)(28.0°C) = 1.4xl0“ 3 cm, so the 
diameter is 1.9014 cm. b) aD 0 AT = -3.6x 10~ 3 cm,so the diameter is 1.8964 cm. 



17.20: aAT = (2.0x 10 5 (C°) _1 )(5.00°C - 19.5°C) = -2.9x 10" 4 . 

17.21: « = (AL)/(Z 0 Ar)=(2.3xl0^ 4 m)/((40.125x 10“ 2 m)(25.0C o )) 

= 2.3x10“ 5 (C°) _1 . 


17.22: From Eq. (17.8), AT = 111 ' = 29.4°C, so T = 49.4°C. 

P 5.1x10 K 

17.23 p V 0 AT = (75 x 10 5 (C°)"' )(l 700 L) (- 9.0°C) = -11L, so there is 11 L of air. 


17.24: The temperature change is AT = 18.0° C - 32.0° C = -14.0 C°. The volume of 
ethanol contracts more than the volume of the Steel tank does, so the additional amount of 
ethanol that can be put into the tank is AV steeI - AF ethanol = (/f lccl - A ethanol )F 0 A T 

= ( 3 . 6 x 10 5 (C°) _1 - 75 x 10 5 (C°) ‘) ( 2 . 8 O m 3 )-14.0C°)= 0.0280m 3 


17.25: The amount of mercury that overflows is the difference between the volume 
change of the mercury and that of the glass; 


A g iass = 18.0x 10~ 5 K- 1 


(8.95 cm 3 ) 
(lOOO cm 3 )(55.0 o C) 


1.7 x 10“ 5 (C°)~v 


17.26: a) A = L 2 , AA = 2LAL = 2^L 2 =2 fA 0 . But ^ = aAT , and so 
A A = 2aATA 0 = (2a)^l 0 Ar. 

b) AA - (2a)A o AT = ( 2 )(2.4 x 10- 5 (C o ) _1 ) (iz x (.275 m) 2 ) (l2.5°C) = 1.4 x 10 -4 m 2 . 


17.27: 


a) A 0 


tzD 2 

4 


— (l.3 50 cm) 2 =1.431 cm 2 . 
4 v 7 


b) A = \ (l + 2a AT) = (l .431 cm 2 \l + (2)(l .20 x 1 0' 5o c)(l 50°C)) =1.437 cm 2 . 



17.28: (a ) No, the brass expands more than the Steel. 

(b) call D o the inside diameter of the Steel cylinder at 20°C At 150°C : D SJ = D BR 

D o + A D SJ = 25.000 cm + AD BR 
D o + a ST ZXAT = 25 cm + a BR (25 cinjAr 
_ 25 cm(l + a BR AT) 

1 + otgjA T 

(25 cm)[l + (2.0x 1Q -5 (C o ) -1 )(130C°)1 
1 + (1.2x10 _5 (C°) _1 )(130C°) 

= 25.026 cm 


17.29: The aluminum ruler expands to a new length of 

L = 4(1 + aAT ) = (20.0 cm)[l + (2.4x 10 5 (C°)‘)(100 C°)] = 20.048 cm 
The brass ruler expands to a new length of 

L = 4(1 + aAT) = (20.0cm)[l + (2.0x 10 5 (C°) ‘)(100C°)] = 20.040cm 
The section of the aluminum ruler will be longer by 0.008 cm 

17.30: FromEq. (17.12), 

F = -YaATA 

= -(0.9x 10 11 Pa)(2.0x 10~ 5 (C°4)(-110°C)(2.01 xlO -4 m 2 ) 
= 4.0x 10 4 N. 

17.31: a) a = (AL/L q AT) = (1.9 x 10 2 m)/((1.50 m)(400 C°)) = 3.2x 10 _5 (C°) _1 . 
b) YaAT = YAL/L 0 = (2.0 x 10 11 Pa)(l .9x 10 2 m)/(l .50m) = 2.5 x 10 9 Pa. 


17.32: a) AL -aATL = (1.2xl0“ 5 K _1 )(35.0K)(12.0m) = 5.0xl0“ 3 m. 
b) Using absolute values in Eq. (17.12), 

F_ 

A 


YaAT = (2.0x10 11 Pa)( 1.2xl0" 5 K _1 )(35.0K) = 8.4xl0 7 Pa. 



17.33: a) (37 o C-(-20°C))(0.50L)(1.3xl0- 3 kg/L) (1020J/kg • K) = 38 J 

b) There will be 1200 breaths per hour, so the heat lost is 
(1200)(38 J) = 4.6xxl0 4 J. 


17.34: 


Q _ rncAT _ (70kg)(3480J/kg■ K)(7 C°) n3 


t = — = 

P 


(1200 W) 


= 1.4 x 10 s, about 24 min. 


17.35: Using Q=mgh in Eq. (17.13) and solving for AT gives 


AT= s!i = (9.80 m/s 2 )(225m) = Q C ° 
c (4190 J/kg.K) 


17.36: a) The work done by ffiction is the loss of mechanical energy, 

1 f I A 

mgh + —m(vl - v 2 ) = (35.0 kg) (9.80 m/s 2 )(8.00m)sin36.9°-(2.50m/s) 2 

2 ' V 2 J 

= 1.54x 10 3 J. 

b) Using the result of part (a) for Q in Eq. (17.13) gives 

AT = (l .54x 10 3 j)/((35.0 kg)(3650 J/kg • K)) = 1.21 x 10 2 C°. 

17.37: (210° C - 20°C)((l .60 kgX910 J/kg • K) + (0.30 kg)(470 J/kg • K)) = 3.03 x 10 5 J. 

17.38: Assuming Q = (0.60)xl0xZ, 

AT = (0.60)x 10x — = 6 * MV 
mc mc 

17.39: (85.0° C - 20.0° C)((l .50 kgX910 J/kg • K) + (l .80 kgX4190 J/kg • K)) 

= 5.79xl0 5 J. 


(6)i(l.80kgX7.80m/s) 2 
(S.OOxlO 3 kgVo10 J/kg • K) 


= 45.1 C° 



17.40: a) Q = mcAT = (0.320kg)(4190J/kg-K)(60.0K) = 8.05 x10 4 J. 


_ Q_ _ 8.05xl0 4 J _ AM 
200 W 


b )t = % = 


17.41: 


a) c 


Q 

mAT 


(l20s)(65.0W) 

(0.780 kg) (22.54° C -18.55° C) 


2.51xl0 3 J/kg-K. 


b) An overstimate; the heat Q is in reality less than the power times the time 
interval. 


17.42: The temperature change is AT = 18.0 K, so 

- -g-gg_ = (9.80^Xl^5xlO*j) = 240 

mAT wAT (28.4 N)(l 8.0 K) 


17.43: a) Q = mcAT, c = 470 J/kg • K 

We need to find the mass of 3.00 mol: 

m = nM = (3.00mol)(55.845xlO^ 3 kg/mol)= 0.1675 kg 

AT = Q/rnc = (8950 j)/[(0.1675 kg)(470 J/kg ■ K)] = 114 K = 114 C° 

b) For m = 3.00kg, AT = Qjmc = 6.35 C° 

c) The result ofpart (a) is much larger; 3.00 kg is more material than 3.00 mol. 


17.44: (a) L r = = (i0.000J/minXl.5 min) = 30 000 J/kg 

m 0.50 kg 


(b) Liquid : Q = mcAT —> c = 


Q 


c = 


mAT 

(10,000 J/minXl.5 min) = 000J/ c , 
(0.50kg)(30C°) 


SoUd : c = S- = (lO.OOOJ/minXl-Omin) = ^. c „ 

mAT (0.50 kg)(l5 C°) ' 



17.45: a)0 water +2 metal =O 

jfl r A T 4- /77 r \T — 0 
* water ^ water water 1 metal ^ metal ^ metal v 

(1.00kgX4190 J/kg ■ K)(2.0 C°) + (0.500 kg)(c metal )(- 78.0 C°) = 0 

C metal =215 J/kg • K 

b) Water has a larger specific heat capacity so Stores more heat per degree of 
temperature change. 

c) If some heat went into the styrofoam then Q mctíú should actually be larger than in 
part (a), so the true c metal is larger than we calculated; the value we calculated would be 
smaller than the true value. 


17.46: a) Let the man be designated by the subscript m and the ‘“water” by w, and T is 

the final equilibrium temperature. 

- W m C m Ar m = W w C w Ar w 

- m m C m ( T ~ T m ) = m w C w (T-T w ) 
m m C m {T m -T)= m w C w (T -T w ) 

Or solving for T, T - , " m ^ l mT c m+ +,'j C c wT '“ • Inserting numbers, and realizing we can change K to 

°C , and the mass of water is .355 kg, we get 

_ (70.0 kg) (3480 J/kg ■ K) (37.0°C) + (0.355 kg) (4190 J/kg • °C) (12.0°C) 

(70.0 kg)(3480 J/kg. °C) + (0.355 kg) (4190 J/kg • °C) 

Thus, T = 36.85°C. 

b) It is possible a sensitive digital thermometer could measure this change since 
they can read to .1°C. It is best to refrain from drinking cold fluids prior to orally 
measuring a body temperature due to cooling of the mouth. 


17.47: The rate of heat loss is A Q /or At = Interesting numbers, 

At = ( 70355 k g )( 348 ° J / k g- C)(0 - 1S C) - 0.005 d, or At = 7.6 minutes. This may acount for mothers 

7xl0 6 J/day ’ J 

taking the temperature of a sick child several minutes after the child has something to 
drink. 


17.48: Q = m(cAT + L { ) 

= (0.350kg)((4190 J/kg ■ K)(18.0K) + 334x 10 3 J/kg) 
= 1.43 x 10 5 J = 34.2 kcal = 136 Btu. 



17.49: 


Q = ? «( C ice A7 L + L í 

= (12.0x10 3 kg) 


+ C water A ^water + A v) 

(2100 J/kg ■ K)(10.0 C°) + 334 x 10 3 J/kg " 
v + (100 C°)(4190 J/kg • K) + 22 56 x 10 3 J/kg y 


= 3.64x 10 4 J = 8.69 kcal = 34.5 Btu. 


17.50: 



mcAT 

P 


(0.550 kg)(2100 J/kg -K)(15.0 K) 
(800 J/min) 


21.7 min. 


b) = <0 ' 55 °| ;: 8 g õò 3 j/mi 1 n 0 ) J/kg> =230 min, so the time until the ice has melted is 
21.7 min + 230 min = 252 min. 



t 


17.51: 


((4000 lb)/2.205 lb/kg))(334 x 10 3 J/kg) 
(86,400 s) 


7.01 kW = 2.40xlO 4 Btu/hr. 


17.52: a) m(cAT + L v ) = (25.0x 10' 3 kg)((4190 J/kg • K)(66.0K) + 22 56x 10 3 J/kg) = 

6.33 x 10 4 J. b) mcAT = (25.0x 10" 3 kg)(4190 J/kg ■ K)(66.0K) = 6.91 x 10 3 J. 
c) Steam burns are far more severe than hot-water bums. 


17.53: With Q = m(cAT + L { ) and K = (l/2)mv 2 , setting Q = K and solving for v gives 
v = ^((130 J/Kg ■ K)(302.3 C°)+ 24.5x 10 3 J/kg) = 357 m/s. 































17.54: 


McAT (70.0 kg)(3480 J/kg -K)(l .00 K) 

4 ' (2.42 x1o 6 J/kg) ' g ' 


b) This much water has a volume of 101 cm 3 , about a third of a can of soda. 


17.55: The mass of water that the camel saves is 

McAT _ (400 kg)(3480 J/kg • K)(6.0 K) _ 

4 " (2.42x1o 6 J/kg) ~ ' g ’ 

which is a volume of 3.45 L. 


17.56: For this case, the algebra reduces to 


"((200)(3.00xl0 3 kg))(390 J/kg-K)(l00.0C°)" 

s _ + (0.240 kg)(4190J/kg)(20.0C°) y 

((200)(3.00 x 10 3 kg)(390 J/kg • K) " 
v + (0.240kg)(4190 J/kg-.K) y 


35.1°C. 


17.57: The algebra reduces to 

6 ((0.500 kg)(390 J/kg • K) + (0.170 kg)(4190 J/kg • K))(20.0° C 6 

T = { _ + (0.250 kg)(470 J/kg -KXS^O/C) _, 

f ((0.500 kg)(390 J/kg • K) + (0.170 kg)(4190 J/kg • K)) 6 
v + (0.250 kg)(470 J/kg -K) 


17.58: The heat lost by the sample is the heat gained by the calorimeter and water, and 
the heat capacity of the sample is 

Q _ ((0.200 kg)(4190 J/kg-K) +(0.150 kg)(390 J/kg •K))(7.1C°) 
C ~mAT~ (0.0850 kg)(73.9C°) 


=1010 J/kg-K, 


or 1000 J/kg • Kto the two figures to which the temperature change is known. 



17.59: The heat lost by the original water is 

- Q = (0.250 kg)(4190 J/kg • K)(45.0 C°) = 4.714 x 10 4 J, 
and the mass of the ice needed is 


m = 

ice 


-Q 


c • AT. + + c t AT . 

ice ice 1 water water 


(4.714xl0 4 ) J 


(2100 J/kg ■ K)(20.0 C°) + (334x10 3 J/kg) + (4190 J/kg • K)(30.0 C°) 
= 9.40x IO' 2 kg = 94.0g. 


17.60: The heat lost by the sample (and vial) melts a mass m, where 

m Q ((16.0g)(2250J/kg-K) + (6.0g)(2800J/kg-K))(19.5K) g 

L f (334x10 3 J/kg) ' g ' 

Since this is less than the mass of ice, not all of the ice melts, and the sample is 
indeed cooled to 0°C. Note that conversion ífom granis to kilograms was not necessary. 


(4.00 kg)(234 J/kg •K)(750C°) 2 

(334x10 3 J/kg) ' g ' 


17.62: Equating the heat lost by the lead to the heat gained by the calorimeter 

(including the water-ice mixtue), 

m p b c Pb (200°C -T) = (m w +m ice )c w T + m cu c c J + m ice Z f . 


Solving for the final temperature T and using numerical values, 


T = 


"(0.750 kg)(130 J/kg ■ K)(255 C°) N 
v -(0.018kg)(334xl0 3 J/kg) y 
_ "(0.750 kg)(130-J/kgK) 

+ (0.178 kg)(4190 J/kg -K) 
v + (0.100 kg)(390 J/kg • K) y 


21.4°C. 


(The fact that a positive Celsius temperature was obtained indicates that all of the ice 
does indeed melt.) 



17.63: The steam both condenses and cools, and the ice melts and heats up along with 

the original water; the mass of steam needed is 

_ (0.450kg)(334xl0 3 J/kg) + (2.85 kg)(4190 J/kg •K)(28.0C°) 
msteam " 22 56 x 10 3 J/kg + (4190 J/kg)(72.0 C°) 

= 0.190 kg. 


17.64: The SI units of H and are both watts, the units of area are m 2 , temperature 

difference is in K, length in meters, so the SI units for thermal conductivity are 

[W] [m] W 

[m 2 ] [K] m ■ K 

17.65: a) = 222 K/m. b)(385 W/m • K)(l.25 xlO' 4 m 2 )(400 K/m) = 10.7 W. 

c)100.0°C - (222 K/m)(12.00x 10' 2 m) = 73.3°C. 

17.66: Using the chain ade, H = ^ = and solving Eq. (17.21) for k, 

. T dm L 

k = L, - 

dt AAT 

= (334x10= J/kg) g _ 

(600s) (1.250x10 4 m 2 )(l00K) 

= 227 W/m-K. 



17.67: (Although it may be easier for some to solve for the heat flow per unit area, 
part (b), frrst the method presented here follows the order in the text.) a) See Example 
17.13; as in that example, the area may be divided out, and solving for temperature T at 
the boundary, 


T = 


(k 


foam / ^Ibam )^in (Awood ^wood )^oi 


N(k 


/ T 

foam / ^foam 


)+(A 


wood /^wood 


) 


((O.OIO W/m • K)/(2.2 cm))(l9.0° C) + ((0.080 W/m • k)/( 3.0 cm))(-10.0° C) 
((0.010 W/m • K)/(2.2 cm)) + ((0.080 W/m • K)/(3.0 cm)) 


= -5.8°C. 


Note that the conversion of the thickness to meters was not necessary. b) Keeping extra 
figures for the result of part, (a), and using that result in the temperature difference across 
either the wood or the foam gives 


^foam 

A 


H 


wood 


A 


(O.OlOW/m -K) 


(19.0° C-(-5.767° C)) 
2.2x10 2 m 


= (0.080 W/m ■ K) 


(-5.767°C-(-10.0°C)) 
3.0x10" m 


= 11 W/m 2 . 


17.68: a) From Eq.(l7.2l), 


H = (0.040 W/m • K)(l 040 m 2 ) ( 140K ) = \ 96 w 

V A / (4.0xl0“ 2 m) 

or 200 W to two figures, b) The result of part (a) is the needed power input. 


17.69: From Eq. (l7.23), the energy that flows in time At is 

HAt = ^-At = ( 125ft )(34F°) / 5 ()= ?08Btu = 7 5x 10 5 j. 
R (30ft 2 -F°-h/Btu) V 7 



17.70: a) The heat current will be the same in both metais; since the length of the 

copper rod is known, 


H = (385.0 W/m • KÍ400 x 10 4 m 2 ) ( 35 - 0K ) = 5.39 W. 

V ' A 2 (l .00 m) 

b) The length of the Steel rod may be found by using the above value of H in 
Eq.(l7.2l) and solving for L 2 , or, since H and A are the same for the rods, 

4 . = (1 .00 m) (50.2 W/m.KX65.0K) _ 
k AT v 2 (385.0W/m-KX35.0K) 


17.71: 


Using H-L v ^ (seeProbleml7.66)inEq.(17.21), 
AJ’ = I —— 


dt kA 


= (22 56x10 3 J/kg) 


(0.390 kg) 


(0.85x10 2 m) 


(180 s) (50.2 JT/m-K)(0. 150 m 2 ) 
and the temperature of the bottom of the pot is 100° C + 6 C° = 106° C. 


= 5.5 C°, 


17.72: 


AQ_ 

At 

150 J/s 
A 
A 
D 


kA 


AT 

L 


50.2 


W 

m. K 


A 


4.98 xlO -3 m 2 


nR = n\ 






300 K 
0.500 m 


x 

) 


^[ÃÃJn 

A /4(4.98xl0’ 3 m 2 )/7T 


8.0x 10 2 m = 8.0 cm 



17.73: H a -H b ( a = aluminum, b - brass) 

„ , ^(150.0°C-r) „ , A(T- 0 o C) 

“a — k a J 5 “ * — ^6 T 

L a L h 

(It has been assumed that the two sections have the same cross-sectional area.) 
, ^(150.0°C-r) _ , A(T- 0°C) 
a L ~ b L h 

(2050 W/m • K)(l 50.0° C-T) _ (109.0 W/m • K )(T - 0°C) 

0.800 m 0.500 m 

Solving for T gives T = 90.2°C 


17.74: From Eq. (17.25), with e = \, 

a)(5.67 x 10' 8 W/m 2 ■ K 4 )(273 K) 4 = 315 W/m 2 , 
b) A factor of ten increase in temperature results in a factor of 10 4 increase in the 
output; 3.15xl0 6 W/m 2 . 


17.75: Repeating the calculation with T s = 273 K + 5.0 C° = 278 K gives H = 167 W. 


17.76: The power input will be equal to H na as given in Eq. (17.26); 


P = Aea(T 4 -T s 4 ) 

= (4tt(1.50x10 2 m) 2 )(0.35)(5.67xl0 8 W/m 2 -K 4 )((3000K) 4 -(290K) 4 ) 
= 4.54x10 3 W. 


17.77: 


A = 


H 

eaT 4 


150W 

(0.35)(5.67 x 10 8 W/m 2 • K 4 )(2450K) 4 


2.10 cm 2 



17.78: The radius is found from 


R = J— = ■ 

M An 


IeMD Ijla 


An 


Ana T 


2 ' 


Using the numerical values, the radius for parts (a) and (b ) are 


p _ 1 (2.7 x 10 32 w) 1 _ 1£1 n 

3 \ 4tt( 5.67 x 10“ 8 W/m 2 • K 4 ) (l 1,000 K) 2 ' X m 


(2.10xl0 23 w]~ 


1 


R b = / v • ; ' -- r— - 5.43 x 10 m 

]] An(5.67 x 10“ 8 W/m 2 • K 4 ) (10,000 K) 2 


c) The radius of Procyon B is comparable to that of the earth, and the radius of 
Rigel is comparable to the earth-sun distance. 


17.79: a) normal melting point of mercury: -30°C = 0.0°M 

nornial boiling point of mercury: 357° C = 100.0°M 
100 M° = 396 C° sol M° = 3.96 C° 


Zero on the M scale is -39 on the C scale, so to obtain T c multiple T M by3.96 and 


then subtract 39° : T c = 3.96T U - 39° 

Solving for T M gives T u = ~^—{T c + 39°) 

3.Vo 

The normal boiling point of water is 100°C;r M 
b)10.0M° = 39.6° C° 


— (l00 o + 39°) = 35.1°M 
3.96 v 7 


17.80: All linear dimensions of the hoop are increased by the same factor of a AT, so 
the increase in the radius of the hoop would be 


RaAT = (ó.38xl0 6 m\l .2 x 10^ 5 K 1 )(0.5 K) = 38 m. 




17.81: The tube is initially at temperature T 0 , has sides of length L 0 volume V 0 , 
density p 0 , and coefficient of volume expansion //. 

a) When the temperature increase to T 0 + AT, the volume changes by an amount 

TH Hí 

AV, where AV = BV,,AT. Then, p = -, or eliminating A V,p =-. 

0 V 0 + AV 6 V 0 + J3V 0 A T 

Divide the top and bottomby V 0 and substitute p 0 = m/V n . Then 

p =- m ro -or p = ———. This can be rewritten as p = pÂ\ + B AT ) _1 . Then 

Vq/V 0 + PV 0 AT/V 0 1 + fiAT 

using the expression (l + x)" « 1 + nx, where n - -\,p - p (] (l - [ÍAT ). 

b) The copper cube has sides of length 
1.25 cm = .0125 m, and AT = 70.0° C - 20.0° C = 50.0° C. 

AV = J3V 0 AT = (5.1 x IO' 5 / 0 C)(.0125 m) 3 (50.0° C) = 5x 10 9 m 3 . 

Similarly, p = 8.9xl0 3 kg/m 3 (1-(5.1 xl0" 5 / o C)(50.0°C)),or p = 8.877x 10 3 kg/m 3 ; 
extra significant figures have been keep. So A p = -23 



17.82: (a) We can use differentials to find the frequency change because all length 

changes are small percents . Let m be the mass of the wire 


V = yjF/ju = yfF / (m/L) = y/FL/m 


f = — and A = 2/.(fundamental) 


FL/m 
2 L 


F 

mL 


f = vjk = 

ÔF 

Af « —AL (only L changes due to heating) 
ÕL 


A/ 


±©(FM)-' /! (-í r)Ai 

1 AL 

/ 


1 r~F~ 

2 v mL 

~2 L 


Af * i (aAT)f = i(1.7 x 1 (T 5 (C°) 1 )(40C°)(440 C°)(440 Hz) 


0.15 Hz 


The frequency decreases since the length increases 

(b) v = -JfJJi = yfFL/m 

Av _ j ( FL/mf' 12 ( Fim) AL _ AL _ a AT 
v ~ ^ FL/m ~ 2 L~ 2 

= ^-(1.7 x 10 5 (C 0 )" 1 )(40C°) = 3.4 x 10 4 = 0.034% 

(c) X = 2Z -» AÀ = 2AL -» f = = f = aAT 

A T 

— = (1.7x 10 5 C ')(40C°) = 6.8x 10 4 = 0.068%: 

X 

it increases 


17.83: Both the volume of the cup and the volume of the olive oil increase when the 
temperature increases, but [í is larger for the oil so it expands more. When the oil starts 
to overflow, 

A V oil = AF glass + (1.00 x 10" 3 m).4, where A is the cross-sectional area of the cup. 

AV 0ll = V Qoú fí oú AT = (9.9 cm)Af oú AT 

AFglass = K , glass fíglass AT = (10.0 cm)4/? glass Ar 

{9.9cm)AP oú AT = (10.0cm)/l/l glass A7’ + (1.00x 10 3 m)A 
The area A divides out. Solving for AT givesA T = 15.5C° 

T 2 = T x +Ar = 37.5°C 



17.84: Volume expansion: dV = f!V dT 

_ dV/dT _ Slope of graph 
P ~ V ~ V 

Construct the tangent to the graph at 2°C and 8°C and measure the slope of this line. 
At 22°C : Slope « and V «1000 cm 3 

O.IOcm73C° , , 

1000 cm 3 

The slope in negative, as the water contracts or it is heated. At 
8 o C : slope « °- 2 4 4 c c o m3 and V « 1000 cm 3 


P 


0.24cm/4C C 


1000 cm 

The water now expands when heated. 


; 6x 10“ 5 (C°)“ 


17.85: AL a + AL = 0.40 cm (a = aluminum,s = Steel) 


AL = L 0 a AT, so 

(24.8cm)(2.4x 10 -5 (C°) -1 ))A7 7 + (34.8cm)(l,2x 10" 5 (C°) = 0.40cm 

AT = 395 C° 

T 2 = T x + AT = 415°C 


17.86: a) The change in height will be the difference between the changes in 

volume of the liquid and the glass, divided by the area. The liquid is free to 
expand along the column, but not across the diameter of the tube, so the increase 
in volume is reflected in the change in the length of the columns of liquid in the 
stem. 


b) A* = AV, ™“ - /?„_ )AT 

= C 100x10 m ) (8 Q0 x 10 -4 K -i _ 2 00 x 10 - 5 K _1 )(30.0 K) 
(50.0x10 m ) V 

= 4.68x10 2 m. 



17.87: To save some intermediate calculation, let the third rod be made of 
fractions f \ and f 2 of the original rods; then f + f 2 - 1 and f (0.0650) 

+ f 2 (0.0350) = 0.0580. These two equations in f and f 2 are solved for 

0,0580-0,0350 
x ~ 0.0650-0.0350’ 2 ~ 

and the lengths are f\ (30.0 cm) = 23.0 cm and f 2 (30.0 cm) = 7.00 cm 


17.88: a) The lost volume, 2.6 L, is the difference between the expanded volume 
of the fiiel and the tanks, and the maximum temperature difference is 


(Aud-Av,)^, 

__ (2.6x10 -3 m 3 ) _ 

~ (9.5 x 10“ 4 (C°) _1 - 7.2 x 10 5 (C°) 'XlOó.Ox 10 3 m 3 ) 

= 2.78 C°, 

or 28°C to two figures; the maximum temperature was 32°C. b) No fuel can spill if the 
tanks are filled just before takeoff 


17.89: a) The change in length is due to the tension and heating 

= + a AT. Solving for Fj A, F A - y[ a l f -aATj 

b) The brass bar is given as “heavy” and the wires are given as “fine,” so it may be 
assumed that the stress in the bar due to the fine wires does not affect the amount by 
which the bar expands due to the temperature increase. This means that in the equation 
preceding Eq. (17.12), AL is not zero, but is the amount a brass Z 0 Ar that the brass 
expands, and so 

F 

— ^steel (^brass — ^steel)^^ 

= 20x10 10 Pa)(2.0x 10 5 (C°) _1 -1.2x10" 5 (C°) _1 )(120 o C) 

= 1.92xl0 8 Pa. 



17.90: In deriving Eq. (17.12), it was assumed that AL = 0; if this is not the case when 
there are boththermal and tensile stresses, Eq. (17.12) becomes 


AL = L r 


r F ^ 


aAT + ■ 

V AYj 

For the situation in this problem, there are two length changes which must sum to zero, 
and so Eq. (17.12) may be extended to two materiais a and b in the form 


L n 


a„AT + - 


AY 


+ L, 


'0b 


a h AT + - 


AY 


= 0 . 


by 


Note that in the above, AT, F and A are the same for the two rods. Solving for the stress 
F/A, 

F_ 

A 


a aL 0a + a b^0b 


-AT 


((LjY a ) + (LjY b )) 

(1.2xlQ- s (C°) -1 )(0.350m) + (2,4x 1CT 5 (C o r 1 )(0-250m) 
((0.350 m)/20 x 10 10 Pa) + (0.250 m/7 x 10 10 Pa)) 


(60.0 C°) 


= -1.2x10 8 Pa 
to two figures. 


17.91: a) AT = 


_ (0.0020 in.) 

“«0 (1.2xl0 -5 (C°) -1 (2.5000 in.) 


= 67 C° to two figures, so the ring should be 


warmed to 87°C. b) the difference in the radii was initially 0.0020 in., and this must be 
the difference between the amounts the radii ha ve shrunk. Taking R 0 to be the same for 
both rings, the temperature must be lowered by an amount 

AR 


AT = 


a, 


brass 


K Steel 


R 


líTT 


(0.0020 in.) 


lxlO~ 5 (C°) 1 -1.2x] 
to two figures, so the final temperature would be - 80°C. 


: 10“ 5 (C°) 1 )(2.50 in.) 


= 100C° 


17.92: a) The change in volume due to the temperature increase is //EA7', and the 

change in volume due to the pressure increase is -1- A p (Eq. (l 1.13)). Setting the net 
change equal to zero, fí EA T = V //, or Ap = B/ÍAV. b) From the above, 

Ap - (l.6x 10 11 Pa)(3.0xl0' 5 K ')(l5.0K) = 8.64xl0 7 Pa. 



17.93: As the liquid is compressed, its volume changes by an amount AV = -ApkV 0 . 
When cooled, the difference between the decrease in volume of the liquid and the 
decrease in volume of the metal must be this change in volume, or («, -a m )V 0 AT = AV. 
Setting the expressions for AV equal and solving for AT gives 

AT 

so the temperature is 20.2°C. 

17.94: Equating the heat lost be the soda and mug to the heat gained by the ice and 
solving for the final temperature T = 

f ((2.00 kgX4190 J/kg -K) + (0.257 kgX910 J/kg ■ K)X20.0C°) 
v - (0.120kg)((2100 J/kg • KX15.0 C°) + 334 x 10 3 j/kg) 

(2.00 kgX4190 J/kg • K) + (0.257 kgX910 J/kg • K) + (0.120 kgX4190 J/kg ■ K) 

= 14.1°C. Note that the mass of the ice (0.120 kg) appears in the denominator of this 
expression multiplied by the heat capacity of water; after the ice melts, the mass of the 
melted ice must be raised further to T. 

1795. (JTüV y! (7700 m/s) 2 

Q cmAT 2cAT 2(910 J/kg-K)(600C o ) 
b) Unless the kinetic energy can be converted into fonns other than the increased 
heat of the satellite cannot return intact. 

17.96: a) The capstan is doing work on the rope at a rate 

P = zco = A Fr— = (520N)(5.0x 10~ 2 m) , 2k , = 182 W, 

T v A ; (0.90s) 

or 180 W to two figures. The net torque that the rope exerts on the capstan, and hence the 
net torque that the capstan exerts on the rope, is the difference between the forces of the 
ends times the radius. A larger number oftums might increase the force, but for given 
forces, the torque is independent of the number of turns. 

b) f iT = dm =J p = _(182W)_ = 0064C7 , 

dt rnc rnc (6.00kg)(470 J/moTK) 


Apk _ (5.065 xlO 6 PaX8.5QxlO~ 10 Pa ') _ _ g ?6 co 
a m -a : “ ( 3 . 90 xlO^ 5 -4.8x10 4 K _1 ) _ "" 




17.98: Setting the decrease in internai energy of the water equal to the final 

gravitational potential energy, L { p w V w + C w p w V w AT = mgh. Solving for h, and inserting 
numbers: 

p w F w (Z f+ C w Ar) 

mg 

(1000 kg/m 3 )(l .9x ,8x. 1 m 3 )[334x 10 3 J/kg + (4190 J/kg • ° C)(37° C)] 

(70kg)(9.8m/s 2 ) 

= 1.08 xlO 5 m = 108 km. 


17.99: a) (90)(100 W)(3000s) = 2.7xlO 7 J. 


b) A T = ^ = 


Q _ 2.1 xlO 7 J _ 

cpV ~ (1020 j/kg ■ K)( 1.20 kg/m 3 )(3 200 m 3 ) 


= 6.89 C° 


or 6.9 C° to the more apropriate two figures, c) The answers to both parts (a) and (b) are 
multiplied by 2.8, and the temperature rises by 19.3 C°. 


17.100: See Problem 17.97. Denoting C by C = a + bT, a and b independent of 
temperature, integration gives. 

Q = n( ã (T 2 -T i )+ l ^(T 2 2 -T l 2 ) 

V 2 

In this form, the temperatures for the linear part may be expressed in terms of Celsius 
temperatures, but the quadratic rnust be converted to Kelvin temperatures, 
T x = 300 K and T 2 = 500 K. Insertion of the given values yields 

Q = (3.00 mol)(29.5 J/mol ■ K)(500 K - 300 K) 

+ (4.10x10 3 j/mol• K 2 )((500K) 2 -(300K) 2 )) 

= 1.97 x 10 4 J. 



17.101: a) To heat the ice cube to 0.0°C, heat must be lost by the water, which 
means that some of the water will freeze. The mass of this water is 
(0.075 kg)(2100 J/kg ■ K)(10.0C°) 


m C AT 

ice ice 


'«water = ~ / = 4.72 Xl0 kg = 4.72 g. 

water L f (334x1 o 3 J/kg) 

b) In theory, yes, but it takes 16.7 kg of ice to freeze 1 kg of water, so this is 
impractical. 


17.102: 

m s 


The ratio of the masses is 
C W AT W (4190 J/kg •KX42.0K) 


= 0.0696, 


C w AT s +L v (4190 j/kg-K)(65.0K) + 2256xl0 3 J/kg 
so 0.0696 kg of steam supplies the same heat as 1.00 kg of water. Note the heat 
capacity of water is used to find the heat lost by the condensed steam. 


17.103: a) The possible final States are steam, water and copper at 100°C, water, 
ice and copper at 0.0°C or water and copper at an intermediate temperature. 
Assume the last possibility; the final temperature would be 

(0.0350 kg)((4190 j/kg ■ K)( 100 C°) + 22 5 6 x 10 3 J/kg)" 

T { -(0.0950kg)(334xlQ 3 J/kg) _J 

f (0.0350 kg)(4190 J/kg ■ K) + (0.446 kg)(390 J/kg ■ K)') 
v + (0.0950 kg)(4190 J/kg-K) 

This is indeed a temperature intermediate between the freezing and boiling points, 
so the reasonable assumption was a valid one. b) There are 0.13 kg of water. 


17.104: a) The three possible final States are ice at a temperature below 0.0°C, an ice- 
water mixture at 0.0° C or water at a temperature above 0.0°C. To make an educated 
guess at the final possibility, note that (0.140kg)(2100 J/kg ■ K)(15.0C°) = 4.41kJ are 
needed to heat the ice to 0.0°C, and (0.190 kg)(4190 J/kg ■ K)(35.0C°) =27.9kJ must 
removed to cool the water to 0.0°C, so the water will not lfeeze. Melting all of the ice 
would require an additional (0.140kg)(3 3 4x 10 3 J/kg) = 46.8 kJ, so some of the ice 
melts but not all; the final temperature ofthe system is 0.0°C. 

Considering the other possibilities would lead to contradictions, as either water 
at a temperature below freezing or ice at a temperature above freezing. 

b) The ice will absorb 27.9 kJ of heat energy to cool the water to 0°C. Then, 

_ ( 27.9 kj-4.4i kj) _ q qjq j^g w j|| conV erted to water. There will be 0.070 kg of ice and 

334xl0 3 J/kg ® ® 

0.260 kg of water. 



17.105: a) If all of the steam were to condense, the energy available to heat the water 
would be (0.0400 kg)(2256 x 10 3 J/kg) = 9.02 x 10 4 J. If all of the water were to be heated 
to 100.0°C, the needed heat would be (0.200 kg)(4190 J/kg ■ K)(50.0C°) = 4.19 x 10 4 J. 


Thus, the water heats to 100.0°C and some of the steam condenses; the temperature of 
the final state is 100°C. 

b) Because the steam has more energy to give up than it takes to raise the water 
temperature, we can assume that some of the steam is converted to water: 


m = 


4.19x10 J 
2256x10 3 J/kg 


= 0.019kg. 


Thus in the final state, there are 0.219 kg of water and 0.021 kg of steam. 


17.106: The mass of the steam condensed 0.525 kg - 0.490 kg = 0.035 kg. The heat lost 
by the steam as it condenses and cools is 

(0.035 kg)T v + (0.035 kg)(4190 J/kg ■ K)(29.0K), 
and the heat gained by the original water and calorimeter is 

((0.150kg)(420 J/kg ■ K) + (0.340kg)(4190 J/kg • K))(56.0K) = 8.33 x 10 4 J. 
Setting the heat lost equal to the heat gained and solving for L v gives 2.26 x 10 6 J/kg, or 
2.3 x 10 6 J/kg to two figures (the mass of steam condensed is known to only two 
figures). 



17.107: a) The possible final States are in ice-water mix at 0.0°C, a water-steam mix at 
100.0°C or water at an intermediate temperature. Due to the large latent heat of 
vaporization, it is reasonable to make an initial guess that the final State is at 100.0°C. To 
check this, the energy lost by the steam if all of it were to condense would be 
(0.0950kg)(2256xl0 3 J/kg) = 2.14xl0 5 J. The energy required to melt the ice and heat 
it to 100°C is (0.150kg)(334xl0 3 J/kg + (4190 J/kg-K)(100C 0 )) = 1.13xlO 5 J, and the 
energy required to heat the origianl water to 100°C is (0.200 kg)(4190 J/kg.K) 

(50.0 C°) = 4.19 x 10 4 J. Thus, some of the steam will condense, and the final state of the 
system wil be a water-steam mixture at 100.0°C. 

b) All of the ice is converted to water, so it adds 0.150 kg to the mass of water. 
Some of the steam condenses giving up 1.55 x 10 3 J of energy to melt the ice and raise the 

temperature. Thus, m = j \ = 0.69 kg and the final mass of steam is 0.026 kg, and 

ofthe water, .150 kg + .069 kg + .20 kg = 0.419 kg. 

c) Due to the much larger quantity of ice, a reasonable initial guess is an ice-water 
mix at 0.0° C. The energy required to melt all of the ice would be 

(0.350 kg) (334 x 10 3 J/kg) = 1.17xl0 5 J . The maximum energy that could be 
transferred to the ice would be if all of the steam would condense and cool to 0.0°C and 
if all of the water would cool to 0.0 C, 

(0.0120) kg (22 56 x 10 3 J/kg + (4190 J/kg ■ K)(100.0C°)) 

+ (0.200kg)(4190 j/kg ■ K)(40.0C°) = 6.56xlO 4 J. 

This is insufficient to melt all of the ice, so the final state of the system is an ice-water 
mixture at 0.0° C. 6.56 x 10 4 J of energy goes into melting the ice. So, m = 

= 0.196 kg. So there is 0.154kgof ice, and 0.012 kg + 0.196 kg + 0.20 kg = 0.408 kg of 
water. 


17.108: 


Solving Eq. (17.21) for k, 


k = H 


AT 

AAT 


(180 W) 


(3.9xl0~ 2 m) 

(2.18m 2 )(65.0K) 


5.0 xl0~ 2 W/m-K. 



AT 

17.109: a) H = kA -= (0.120 J/mol.K) (2.00x0.95 m 2 ) 

L 


28.0 C° 


5.0x10 "m + 1.8xl0 "m 


= 93.9 W. 

b) The flow tlirough the wood part of the door is reduced by a factor of 


1 - 


(0.50)- _ 


(2.00x0.95) 


= 0.868 to 81.5 W . The heat flow tlirough the glass is 


^aiass = (0-80 J/mol • K)(0.50m) 2 


28.0C C 


v 12.45xl0 2 m j 


= 45.0 W, 


and so the ratio is 


93.9 


= 1.35. 


17.110: R x = jr,R 2 = j;,H\ = H 2 , and so AT X = ^ R x , AT 2 = -j R 2 . The temperatiire 
difference across the combination is 


AT = AT l + AT = —(R l + R 2 ) = —R, 
A A 


so, R = R { + R 2 . 


17.111: The ratio will be the inverse of the ratio of the total thermal resistance, as given 
by Eq. (17.24). With two panes of glass with the air trapped in between, compared to the 
single pane, the ratio of the heat flows is 

( 2 (^glass/^glass) + ^0 + (4ir/ ^air) 

(^glass/^glass) + ^0 

where R 0 is the thermal resistance of the air films. Numerically, the ratio is 
(2((4.2x 10 3 m)/(0.80 W/m • K)) + 0,15m 2 • K/W + ((7.0xl0~ 3 m)/(0.024 W/m ■ K») _ 
(4.2 xl0~ 3 m)/(0.80 W/m ■ K) + 0.15 m 2 • K/W 



17 . 112 : Denote the quantites for copper, brass and Steel by 1, 2 and 3, respectively, and 
denote the temperature at the junction by T 0 . 

a)H l = H 2 + H 3 , and using Eq.(l7.2l) and dividing by the coinmon area, 

i(ioo°c-r a )=t ro+ i ro . 

* j i / j / j 


Solving for T 0 gives 


T 

n 


0 K/L i) 

(k l /L l )+(k 2 /L 2 )+(k 3 /L 3 ) 


(ioo°c). 


Substitution of numerical values gives T 0 = 78.4°C. 

b) Using H = fAT for each rod, with A T x =21.6 C°, AT 2 = AT 2 = 78.4°C gives 
H x = 12.8 W, H = 9.50 W and H 3 = 3.30 W. If higher precision is kept, H x is seen to be 
the sum of H 2 and // ,. 


17 . 113 : a) See Figure 17.11. As the temperature approaches 0.0°C, the coldest water 
rises to the top and begins to freeze while the slightly warmer water, which is more 
dense, will be beneath the surface. b) (As in part (c), a constant temperature difference is 
assumed.) Let the thickness of the sheet be x, and the amount the ice thickens in time 
c/t be dx. The mass of ice added per unit area is then p k e dx, meaning a heat transfer of 
p ke L { dx. This must be the product of the heat flow per unit area times the time, 

( H/Ã)dt - ( kAT/x)dt. Equating these expressions, 


r i kAT , , kAT 

p ke L { dx = - dt or xdx = - dt. 


x Ac/f 

This is a separable differential equation; integrating both sides, setting x = 0 at / = 0. 
gives 

2 2 kAT 


x " = ■ 


-t. 


Pice^í 

The square of the thickness is propotional to the time, so the thickness is propotional to 
the square root of the time. c) Solving for the time in the abo ve expression, 
; j920kgV)(334xl0O/ kg ) , 0 ., 

2(l .6 J/mol • K)(l 0°C) V 7 


d) Using x = 40m in the above calculation gives t = 1.5 x IO 10 s, about 500 y, a 
very long cold spell. 



17 . 114 : Equation( 17.21) becomes H = kA 

a) H = (380 J/kg • K)(2.50x ÍO^ 4 nr)(140 C°/m) = 13.3 W. 

b) Denoting the points as 1 and 2, H 2 - H l = = mc 4^. Solving for 4/ at 2, 

õr õr mc õr 
õx 2 õx ! M õl 

The mass m is pAAx, so the factor multiplying (T in the abo ve expression is 
j-Ax = 137 s/m. Then, 

f)T 

— - 140 C°/m + (137 s/m)(0.250 C°/s) = 174 C°/m. 

ÕX 2 


17 . 115 : The mass of ice per unit area will be the product of the density and the 
thickness x, and the energy needed per unit area to melt the ice is product of the mass per 
unit area and the heat of fusion. The time is then 

_ pxL { _ (920kg/m 3 )(2.50xl0~ 2 m)(334xl0 3 L/kg) 

~ P/A~ (0.70)(600 W/m 2 ) 

= 18.3 x 10 3 s = 305 min. 


17 . 116 : a) Assuimg no substantial energy loss in the region between the earth and the 
sun, the power per unit area will be inversely proportional to the square of the distance 
ífom the center of the sun, and so the energy flux at the surface of the sun is 

(1.50x10 3 W/m 2 ) ('^'J = 6.97 x 10 7 w/m 2 , b) Solving Eq. (17.25) with e = 1, 

I" 6.97 xlQ 7 W/m 2 f 
~lAa\ ~ |_5.67 x 10“ 8 W/m 2 • K 4 


5920 K. 



17 . 117 : The rate at which the helium evaporates is the heat gained from the 
surroundings by radiation divided by the heat of vaporization. The heat gained from the 
surroundings come from both the side and the ends of the cylinder, and so the rate at 
which the mass is lost is 

(imd + 2n{d/2) 2 ]ue(T s 4 -T 4 ) 

4 

Y (0.250 m>r(0.090 m) + 2?r(0.045 m) 2 (.200) 

\x (5.67x10' 8 W/m 2 • K 4 )((77.3 K) 4 - (4.22 K ) 4 \ 

~ (2.09x10 4 J/kg) 

= 1.62xl0" 6 kg/s, 
which is 5.82 g/h. 


17 . 118 : a) With Ap = 0, 


or 


b) 


pÁV = nRÁT = 1——AT, 
T 


and/? = I. 

V T T 


4 


1 


A 


copper 


(293K)(5.1xl0‘ 5 K ) 


67. 


17 . 119 : a) At steady State, the input power all goes into heating the water, so 
P = H = ^cAT and 


AT = 


P 

c(dm/dt) 


_ (1800 W) _ 

(4190 J/kg ■ K) (0.500 kg/min)/(60 s/min) 


51.6 K, 


and the output temperature is 18.0°C + 51.6°C. b) At steady State, the apparatus will 
neither remove heat from nor add heat to the water. 


17 . 120 : a) The heat generated by the hamster is the heat added to the box; 

iji 

p = mc— = (1.20 kg/m 3 )(0.0500m 3 )(l020 J/mol-K)(1.60 C°/h) = 97.9 J/h. 
dt 

b) Taking the efficiency into account, 

M_ _ P 0 _ P/{ 10%) _ 979 J/h 
t “ K ~ k '24 J/g 


40.8 g/h. 



17 . 121 : For a spherical or cylindrical surface, the area A in Eq. (17.21) is not constant, 
and the material must be considered to consist of shells with thickness dr and a 
temperature difference between the inside and outside of the shell dT. The heat current 
will be a constant, and must be found by integrating a differential equation. a)Equation 
(17.21) becomes 

.. ... 2 x dT H dr , 

H = k(Anr ) — or -— = k dT. 

dr 4nr 

Integrating both sides between the appropriate limits, 


Hf 1 n rp x 

k(T 2 7j). 

An V a b 


In this case the “appropriate limits” ha ve been chosen so that if the inner temperature T 2 
is at the higher temperature 7), the heat flows outward; that is, ^ < 0. Solving for the 
heat current, 

kAnab(T 2 - 7J) 

tí — -. 

b-a 

b) Of the many ways to fmd the temperature, the one presented here avoids some 
intermediate calculations and avoids (or rather sidesteps) the sign ambiguity mentioned 
above. From the model of heat conduction used, the rate of changed of temperature with 
radius is of the forni ^ = - 4 , with B a constant. Integrating from r = ator and from 

r = a to r = b gives 

(1 1 ) (11 

T(r) — T 2 = B - and T X -R 2 =B - 

\a r) \a b 

Using the second of these to eliminate B and solving T(r) (and rearranging to eliminate 
compound ffactions) gives 

(r - a Y b\ 

T(r) = T 2 -(T 2 -T 1 ) - -. 

\b-aj\r ) 


There are, of course, many equivalent fornis. As a check, note that at r = a,T = T 2 
and at r = b,T = 7J. c) As in part (a), the expression for the heat current is 

dT H 

H = k(2nrL)— or — = kLdT, 
dr 2 nr 

which integrates, with the same condition on the limits, to 

H i n i \ irrrr „ 2nkL{T 2 ~T x ) 

— hl (b/a) = kL(T 2 -T y ) or H = — - 1 ■ 

2 n ln (b/a) 

d) A method similar (but slightly simpler) than that use in part (b) gives 

T{r) = T 2 + {T x - T 2 ) ln(r a) ' 

K 2 2 An (b/a) 

e) For the sphere: Let b-a = l, and approximate b ~ a, with a the common radius. 
Then the surface area of the sphere is A = Ana 2 , and the expression for H is that of Eq. 
(17.21) (with / instead ofZ, which has another use in this problem). For the cylinder: with 
the same notation, consider 



17.122: From the result of Problem 17.121, the heat current through each of the jackets 
is related to the temperature difference by 77 = ln 2 ^. AT, where / is the length of the 

cylinder and b and a are the inner and outer radii of the cylinder. Let the temperature 
across the cork be A7, and the temperature across the styrofoam be A T 2 , with similar 
notation for the thermal conductivities and heat currents. Then, A7' + A T 2 = AT = 

125 C°. Setting 77, = 7 / 2 = 7/ and canceling the comnion factors, 

AT l k l A T 2 k 2 
hi 2 ~ ln 1.5 

' k lnl 5 V 1 

Eliminating AT 2 and solving for A7j gives A7j = AT 1 + — 1 -— 

l k 2 ln2 ) 

Substitution of numerical values gives A7’, =37 C°, and the temperature at the radius 
where the layers meet is 140°C - 37°C = 103°C. b) Substitution of this value for AT t into 
the above expression for H l - H gives 

H _ 2?r(2.00 m)(0.04 J/mol • K) ^ ? co x _ 2? w 
ln 2 



17 . 123 : a) 



b) After a very long time, no heat will flow, and the entire rod will be at a uniform 
temperature which must be that of the ends, 0°C. 

c) 



0.02 0,04 0.06 0.08 0.10 


d) # = (\Q0°C\nlL)cosnx/L. At the ends, x = 0 and x-L, the cosine is + 1 and the 
temperature gradient is ±(l00°C)(ff/0.100 m) = ±3.14xl0 3 C°/m. e) Taldng the phrase 
“into the rod” to mean an absolute value, the heat current will be kA (A = 

(385.0 W/m- K) (1.00x 10" 4 m 2 )(3.14x 10 3 C 0 /m) = 121W. f) Either by evaluating ^ at 
the center of the rod, where nxj L = n/2 and cos(tt/ 2) = 0, or by checking the figure in 
part (a), the temperature gradient is zero, and no heat flows through the center; this is 
consistent with the symmetry of the situation. There will not be any heat current at the 
center of the rod at any later time. g) See Problem 17.114; 

JL- _ (385 W/m- K) __ 

pc (8.9x10’kg/m’)(390 J/kg-K) ' ' ' 

h) Although there is no net heat current, the temperature of the center of the rod is 
decreasing; by considering the heat current at points just to either side of the center, 
where there is a non-zero temperature gradient, there must be a net flow of heat out of the 
region around the center. Specifically, 

dT 

H((L/2) + Ac) - H((L/ 2) - Ac) = pAAxc— 

õt 


= kA 


' ÕT 


ÕT 

\ 

õx 

V 

(L/2)+Ax 

õx 

(L/2)—Ax y 


= kA^-^Ax, 
õx 2 



























17 . 124 : a) In hot weather, the moment of inertia / and the length d in Eq. (13.39) will 
both increase by the same factor, and so the period will be longer and the clock will run 
slow (lose time). Similarly, the clock will run fast (gain time) in cold weather. (An ideal 
pendulum is a special case of physical pendulum.) b) y = uAT =(1.2x1 CT 5 (C°) 1 


x(10.0C°) = 1.2x10' 4 , c) See Problem 13.97; to avoid possible confiision, denote the 
pendulum period by r. For this problem, y = \y = 6.0 x 10 5 , so in one day the clock 
will gain (86,400 s)(6.0xlO' 5 ) = 5.2 sso two figures. d) y\= (l/2)aAT <(86,400)'', so 
AT < 2((1.2 x 10' 5 (CT 1 ) x (86,400))'' = 1.93 C°. 


17 . 125 : The rate at which heat is aborbed at the blackened end is the heat current in the 
rod, 

kA 

Aa(T s 4 - T 4 ) = j-(T 2 -T 1 ), 

where 7] = 20.00 K and r 2 is the temperature of the blackened end of the rod. If this were to 
be solved exactly, the equation would be a quartic, very likely not worth the trouble. 
Following the hint, approximate T 2 on the left side of the abo ve expression as 7) to 
obtain 

T 2 =T l +-(T 1 - T 4 ) = T x + (6.79x IO' 12 K' 3 )(T S 4 -T 4 ) = T l + 0.424K. 

k s 

This approximation for T 2 is indeed only slightly than 7J and is a good estimate of the 

temperature. Using this for T 2 in the original expression to fínd a better value of AT 
gives the same AT to eight figures, and further, and fiirther iterations are not worth - 
while. 

A numerical program used to find roots of the quartic equation retums a value for 
AT that differed ífom that found above in the eighth place; this, of course, is more 
precision than is warranted in this problem. 



17 . 126 : a) The rates are: 

(i) 280 W, 

(ii) (54 J/h • C° • m 2 )(1.5 m 2 )(11 C°)/(3600 s/h) = 0.248 W, 

(iii) (1400 W/m 2 )(1.5 m 2 ) = 2.10 x 10 3 W, 

(iv) (5.67x10 8 W/m 2 -K 4 )(1.5m 2 )(320K) 4 -(309K 4 ) = 116 W. 

The total is 2.50 kW, with the largest portion due to radiation from the sun. 


b) 


P 

pK 


_ 2.50x 10 3 W _ 

(1000 kg/m 3 )(2.42 x 10 6 J/kg • K) 


1.03xl0~ 6 m 3 /s = 3.72 L/h. 


c) Redoing the above calculations with e = 0 and the decreased area gives a power 
of 945 W and a corresponding evaporation rate of 1.4 L/h. Wearing reflective clothing 
helps a good deal. Large areas of loose weave clothing also facilitate evaporation. 



Capítulo 18 



In doing the numerical calculations for the exercises and problems for this chapter, the 
values of the ideal-gas constant have been used with the precision given on page 501 of 
the text, 


R = 8.3145 J/mol ■ K = 0.08206 L -atm/mol ■ K. 

Use of values of these constants with either greater or less precision may introduce 
differences in the third figures of some answers. 

18 . 1 : a) 77 = m tot /M = (0.225 kg)/(400xl0 3 kg/mol) = 56.3 mol. b) Of the many ways 
to find the pressure, Eq. (18.3) gives 

_ nRT _ (56,3 mol)(0.08206 L • atm/mol • K)(291.15 K) 

P ~~^~ (20.0 L) 

= 67.2 atm = 6.81 x 10 6 Pa. 


18 . 2 : a) The final temperature is four times the initial Kelvin temperature, or 4(314.15 
K) -273.15=983°C to the nearest degree. 

MpV (4.00xl0~ 3 kg/mol)(1.30atm)(2.60L) 4 

b) m t t = nM = = ----—-—-- = 5.24x 10 kg. 

tot RT (0.08206 L • atm/mol • K)(314.15 K) 


18 . 3 : For constant temperature, Eq. (18.6) becomes 

Pi = PSVxl^i) = (3-40 atm)(0.110/0.390) = 0.96 atm. 


18 . 4 : a) Decreasing the pressure by a factor of one-third decreases the Kelvin 
temperature by a factor of one-third, so the new Celsius temperatures is 1/3(293.15 K) - 
273.15= -175°C rounded to the nearest degree. b) The net effect of the two changes is 
to keep the pressure the same while decreasing the Kelvin temperature by a factor of one- 
third, resulting in a decrease in volume by a factor of one-third, to 1.00 L. 



18 . 5 : Assume a room size of 20 ft X 20 ft X 20 ft 


V = 
pV 

N 

b) 


4000 ft =113 m 3 . Assume a temperature of 20°C. 


/7Í?r so n = 


(1.01x10 5 Pa)(113m 3 ) 
RT ~ (8.315 J/mol • K)(293 K) 

27 


= 4685 mol 


nN á = 2.8 x 10 molecules 


N 2.8 x 10 27 molecules 


= 2.5 x 10 19 molecules/cm 3 


V 


113x 10 6 cm 3 


18 . 6 : The temperature is T = 22.0°C = 295.15K. (a) The average molar mass of air is 
M = 28.8xl0~ 3 kg/mol,so 


m 


tot 


= 00alm)(0 ' 900L>(28 8xlri kg/mol) = l 07x10-= kg 

RT (0.08206 L-atm/mol-K)(295.15 K) 


(b) For Helium M = 4.00 x 10 3 kg/mol, so 

PV (1.00atm)(0.900L)(4.00xl0 3 kg/mol) 1f ._ 4 . 

m tnt = nM = ——M = - -—---—- - = 1.49 x 10 kg. 

tot RT (0.08206 L-atm/moTK)(295.1 5 K) 


18 . 7 : From Eq. (18.6), 


T = T 
1 2 L \ 


v Px v i y 


( 

(300.15 K) 

V 


(2.821 xlQ 6 Pa)(46.2cm 3 )" 
(1.01x10 5 Pa)(499cm 3 ) y 


776 K = 503°C. 


18 . 8 : a) m tot 


MpF _ (32.0x 10~ 3 kg/mol)(4.013x 10 5 Pa)(o.0750m 3 ) _ 

~ (8.3145 J/mol-K)(310.15 K) ~ ' 8 


b) Using the final pressure of 2.813x 10 5 Pa and temperature of 
295.15 K,m' = 0.275 kg, 

so the mass lost is 0.098 kg where extra figures were kept in the intermediate calculation 


of m 


tot * 


18 . 9 : From Eq. (18.6), 


Pi =Pi 


ÍT \ 

*2 

fvA 

T 

VA 1 y 

V 

\ y 2 J 


= (1.50x 10 5 Pa) 


f 430.15 K^j 

f 0.750 m 3 ^ 

^300.15 K J 

[ 0.48 m 3 J 


= 3.36x10 Pa. 



x PV (1.00atm)( 140x10 3 L) r „„ 1rt3 , 

18 . 10 : a) n- -- ---= 5.78x10 mol. 

RT (0.08206 L • atm/mol • K) (295.15 K) 

b) (32.0x10 3 kg/mol)(5.78xl0 3 mol) = 185kg. 

18 . 11 : V 2 = V x (J 2 /T^) = (0.600 L)(77.3/292.15) = 0.159 L. 

18 . 12 : a) nRT/V = 7.28x 10 6 Pa whileEq.(18.7)gives5.87xlO 6 Pa. b) The van der 
Waals equation, which accounts for the attraction between molecules, gives a pressure 
that is 20% lower. 

c) 7.28xl0 5 Pa, 7.13xlO 5 Pa, 2.1%. d) As n/V decreases, the formulas and the 
numerical values are the same. 

18 . 13 : At constant temperature, p 2 = p ] (V, /V 2 ) = (1.0atm)(6.0/5.7) = l.latm. 

18 . 14 : a)^- = ~t x = (3.50)(^ff^-) = 3.74. b) Lungs cannot withstand such a volume 

change; breathing is a good idea. 


18 . 15 : 


= =- (100atm)(3.10L) -= 343 K = 70.3°C 

nR (11.0 mol)(0. 08206 L ■ atm/mol • K) 


b) This is a very small temperature increase and the thermal expansion of the tank 
may be neglected; in this case, neglecting the expansion means not including expansion 
in finding the highest safe temperature, and including the expansion would tend to relax 
safe standards. 



18 . 16 : (a) The force of any side of the cube is F = pA = ( nRT/V)A = ( nRT)/L , since 
the ratio of area to volume is A/V = 1/ L. For T = 20.0° C = 293.15K. 


„ nRT (3 mol) (8.3145 J/mol - K) (293.15 K) 1A < 

F =-= --—---—-- = 3.66x10 N 

L 0.200 m 

b) For T = 100.00°C = 373.15 K, 

F nRT (3mol)(8.3145 J/mol-K)(373.15K) 165::1Q 4 N 

L 0.200 m 


18 . 17 : Example 18.4 assumes a temperature of 0 o C at all altitudes and neglects the 
variation of g with elevation. 

With these approximations, p = p ü e~ M& /RT 
We want y for p = 0.90p„ so 0.90 = e _M ®’ /RT and 

y = ~— ln(0.90) = 850 m 
Mg 

(We have used M = 28.8 x 10 3 kg/mol for air.) 


18 . 18 : From example 18.4, the pressure at elevationp above sea levei is p - p 0 e e ' 
The average molar mass of air is M = 28.8 x 10 kg/mol, so at an altitude of 100 m, 


Mgy i 

RT 


(28.8 xl0~ 3 kg/mol)(9.80 m/s 2 )(100m) 
(8.3145 J/mol•K)(273.15K) 


0.01243, 


and the percent decrease in pressure is \ — pjp ü — \ — g -0 01243 = 0.0124 = 1.24%. At an 
altitude of lOOOm, Mgy^/RT = 0.1243, and the percent decrease in pressure is 
1 - A° 1243 = 0.1 17 = 11.7%. These answers differ by a factor of 

11.7% /1.24% = 9.44, which is less than 10 because the variation of pressure with altitude 
is exponential rather than linear. 



18 . 19 : p = p 0 e Mvg/RI from Example 18.4. 

Eq. (18.5) says p = ( p/M)RT. Example 18.4 assumes a constant 
T = 273 K, so p and p are directly proportional and we can write 


P = Poe- Msy ' RT 


Mgy 


For y = 100 m, —^ = 0.0124, so p = = 0.988p 0 

RT 


The density at sea levei is 1.2% larger than the density at lOOm. 


18 . 20 : Repeating the calculation of Example 18.4 (and using the same numerical values 
for R and the temperature gives )p = (0.537) p aXm = 5.44x 10 4 Pa. 


18 . 21 : 

p = pRT/M = (o.364 kg/m 3 )(8.3145 J/mol • K)(273.15K - 56.5K)/(28.8 x 10' 3 kg/mol) 
= 2.28xl0 4 Pa. 


18 . 22 : 


M =N A m = (6.02 xl0 23 molecules/mol)( 1.41x10 21 kg/molecule) = 849kg/mol. 


18.23: Find the mass: m = nM = (3.00mol)(63.546xl0 3 kg/mol) = 0.1906kg 


V = — = — °- 19 Q 6k g =2.14xl0~ s m 3 =21.4cm 3 

p 8.9 xlO 3 kg/m 3 


18 . 24 : 


N = nN Ã =^N Ã 

RT 


(9.119xl0" y Pa)(1.00xl0 6 m 3 ) 


(6.023xlO 23 molecules/mol) 


(8.3145 J/mol-K)(300K) 

= 2.20x10 6 molecules. 



18 . 25 : a) 


P = 


nRT N RT 


V 


V N 


80x10 


V 


molecules 

L 


(0.08206 L ■ atm/mol • K)(7500 K) 


(6.023 x 10 23 molecules/mol) 


= 8.2x10 17 atm 


about 8.2 x 10 12 Pa. This is much lower, by a factor of a thousand, than the pressures 
considered in Exercise 18.24. b) Variations in pressure of this size are not likely to 
affect the motion of a starship. 


18 . 26 : Since this gas is at standard conditions, the volume will be 
V = (22.4 x 10 3 m 3 ) = 2.23 x 10~ 16 m 3 , and the length of a side of a cube of this 


i 

volume is (2.23 xl0~ 16 m 3 )^ = 6.1 xl0~ 6 m. 


18 . 27 : ---= 55.6mol, which is (55.6mol)(6.023xl0 23 molecules/mol) = 

18.0g/mol 

3.35x 10 25 molecules. 


18 . 28 : a) The volume per molecule is 

V _ nRT/p _ RT 
N~ nN Á ~ N Áp 

(8.3145 J/mol-K)(300.15K) 

“ (6.023x10 23 molecules/mol)(1.013x 10 5 Pa) 

= 4.091x10 26 m 3 . 

If this volume were a cube of side L, 

1 

L = (4.091 x 10 26 m 3 ) 3 = 3.45 x 10 9 m, 


which is (b) a bit more than ten times the size of a molecule. 



18 . 29 : 

a) V = m/p- nM/p = (5.00 mol)(l8.0g/mol)/(l.00g/cm 3 )= 90.0 cm 3 = 9.00x10 5 m 3 . 

b) See Excercisel 8.28; 



1/3 

r v ] 

1/3 

r 9.00x10 5 m 3 " 

Uv 


[ nN AJ 


v (5.00 mol)(6.023 x 1 0 23 molecules/mol) / 


= 3.10x10 10 m. 

c) This is comparable to the size of a water molecule. 


18 . 30 : a) From Eq. (18.16), the average kinetic energy depends only on the 

temperature, not on the mass of individual molecules, so the average kinetic energy is the 
same for the molecules of each element. b) Equation (18.19) also shows that the rms 
speed is proportional to the inverse square root of the mass, and so 


V i- 

rms Kr 
^rms Ne 


jBí*. 0.491, 
V 83.80 


K rms Rn 


rms Kr 


rms Rn _ 

I 20.18 

^rms Ne 

V 222.00 

1 83.80 

= 0.614. 

1222.00 


= 0.301 


and 


18 . 31 : a) At the same temperature, the average speeds will be different for the different 

isotopes; a stream of such isotopes would tend to separate into two groups. 


b) VS»=l-004. 


18 . 32 : (Many calculators have statistics fimctions that are preprogrammed for such 
calculations as part of a statistics application. The results presented here were done on 
such a calculator.) a) With the multiplicity of each score denoted by 


Mj, the average is 


1 


150 


'Ln i x i = 54.6 b) 


1 


-, 1/2 


150 


E «,x , 2 


= 61.1. (Extra significant 


figures are warranted because the sums are known to higher precision.) 



18.33: We known that V A = V B and that T Ã > T B . 

a) p = nRT /V; we don’t know n for each box, so either pressure could be higher. 

pVN A 


b ) P V = 


f N ' 


A j 


RTsoN = 


RT 


-, where N A is Avogadro’s number. We don’t know 


how the pressures compare, so either N could be larger. 


c) pV = ( m/M)RT . We don’t know the mass of the gas in each box, so they could 
contain the same gas or different gases. 

d H'»( v2 )a y =\ kT 

Ta > Tb and the average kinetic energy per molecule depends only on T, so the statement 
must be true. 


e ) v ,- ms =fikT/m 

We don’t know anything about the masses of the atoms of the gas in each box, so 
either set of molecules could have a larger v rms . 


18.34: Box A has higher pressure than B. This could be due to higher temperature 
and/or higher particle density in A. Since we know nothing more about these gases, none 
of the choices is necessarily true, although each of them could be true. 


18.35: a) m = m P + m n = 3.348 x 10“ 27 kg; T = 300 x 10 6 K 
= y]3kT/m = 1.9 x 10 6 m/s ; v ms /c = 0.64% 
b) T = mv ms /3k 

Forv mms = 3.0x 1 0 7 m/s ,T = 7.3xl0 10 K 


18.36: From p V - nRT, the temperature increases by a factor of 4 if the pressure and 
volume are each doubled. Then the rms speed v rms = y]3RT/M increases by a factor of 
Ví = 2, so the final rms speed is 2(250 m/s) = 500m/s. 



18.37: 


a) jkT = (3/2)(1.381x10' 23 J/K)(300 K) = 6.21 x 10 21 J. 


b ) 


2(6.21x10 21 J) 


m (32.0x10 3 kg/mol)/(6.023xl0 23 molecules/mol) 


■ = 2.34xlO s m 2 /s 2 


c) vs = 




3 RT _ 3(8.3145 J/mol • K)(300 K) 


M 


(32.0x10 3 kg/mol) 


= 4.84 x 10 2 m/s, 


which is of course the square root of the result of part (b). 

(32.0xlO’ 3 kg/mol) 


d) mv s = 


f M A 


K*AJ 


vs = 


(6.023 x 10 23 molecules/mol) 
= 2.57 x 10“ 23 kg-m 


(4.84xlO 2 m/s) 


This may also be obtained fforn 


■s]2mK a 


2(6.21x10 J)(32.0x 10 kg/mol) 

(6.023xlO 23 molecules/mol) 


e) The average force is the change in momentum of the atom, divided by the time 
between collisions. The magnitude of the momentum change is twice the result of part (d) 
(assuming an elastic collision), and the time between collisions is twice the length of a 
side of the cube, divided by the speed. Numerically, 


2mvs _ mv s 2 
2L/vs L 


2Ks^_ 2(6.21 xlO~ 2 'J) =1 24xl0 -„ N 
L (O.lOOin) 


f) Pave=^aveA 2 =l-24xl0 17 Pa. 

g ) P/P ave = (l .013 x 10 5 Pa)/(l .24 x 10 17 Pa) = 8.15 x 10 21 molecules. 


h) 


N = nN A =^-N A 

RT 


(l.00atm)(l.00L) 


(0.08206 L ■ atm/mol ■ K)(300 K) 

,22 


6.023 x 10 23 molecules/mol ] 


= 2.45x10 


i) The result of part (g) was obtained by assuming that all of the molecules move 
in the same direction, and that there was a force on only two of the sides of the cube. 



18.38: This is the same calculation done in Example 16-9, but with 
p = 3.50 x 1CT 13 atm, giving X = 1.6 x 10 5 m. 


18.39: The rms speeds will be the same if the Kelvin temperature is proportional to the 
molecular mass; T N = ) = ( 293.15 K)(28.0/2.02) 

= 4.06x10 3 K = 3.79x10 3 °C. 


18.40: a) 


3 kT 3(1.381x10 23 J/K)(300 K) 


m 


(3.00x10 16 kg) 


= 6.44 x 10 3 m/s. b) If the particle is 


in thermal equilibrium with its surroundings, its motion will depend only on the 
surrounding temperature, not the mass of the individual particles. 


18.41: a) The six degress of ffeedom would mean a heat capacity at constant volume of 

6(/)/? = 3 R = 24.9 J/mol ■ K. § = = 1.39 x 10 3 J/kg ■ K , b) vibrations do 

contribute to the heat capacity. 


18.42: a) C v =(c) (molarmass),so(833 J/kg-°C)(0.018kg/mol) = 15.0J/moT°C 
at - 180°C, (1640 J/kg ■ °C)(0.018 kg/mol) = 29.5 J/kg • °C at - 60°C, (2060 J/kg • °C)x 
(0.018kg/mol) = 37.1 J/moT°C at — 5.0°C. b) Vibrational degrees of lfeedom become 
more important. c) C v exceeds 3 R because H 2 0 also has rotational degrees of lfeedom. 


18.43: a) Using Eq. (18.26), Q = (2.50 mol)(20.79 J/mol • K)(30.0 K) = 1.56 kJ. 
b) From Eq. (18.25), | of the result of part (a), 936 J. 



18.44: a) 


c = 


C v 20,76 J/mol • K 
M 28.0 x 10" 3 kg/mol 


= 741 J/kg-K, 


which is —!-L o.i77 times the specific heat capacity ofwater. 

4190 r 


YYl Ç 

b) m N C N AT N = m w C w AT w ,or m N = w w . Inserting the given data and the result 


C 


from 


part 


(a) 


gives 


nRT 


m N = 5.65 kg. To find and volume, use pV = nRT, or V 


[(5.65 kg )/(0.028 kg/mol )](o.08206 L • atm/mol • KX293 k) 

1 atm 


= 4855 L. 


18.45: From Table (18.2), the speed is (1.60)v s, and so 

2 


vs 


2 3 kT 3 RT 


m M (1.60)- 
(see Exercise 18.48), and so the temperature is 


T = 


Mv 2 


(28.0x10-'kg/mol) v , = 3g5x 10 - 4 K . s y m ,y 

z'r\\ 2 /o i r t /_1 t/^\ v < ' 


3(1.60) 2 i? 3(1.60) 2 (8.3145 J/mol-K) 

a) (4.385x10 4 K-s 2 /m 2 )(1500 m/s) 2 =987K 

b) (4.385 xl0~ 4 K- s 2 /m 2 )(1000 m/s) 2 = 438 K 

c) (4.385x10 4 K -s 2 /m 2 )(500 m/s) 2 = 110K. 


18.46: Making the given substitution s = — mv 


f(y) = 4tt 


^ m A 

3/2 2e e - e f kT _ 8tt 

( m A 

3/2 

se 1 

ylnkT j 

1 m m \ 

K^lnkT j 



18.47: Express Eq. (18.33) as / = Aee c ' kT , with^l a constant. Then, 


ül-a 

e -clkT _ £ c -ejkT 

= Ae- £/kT 

1— — 

de 

kT 


kT 


• • • . | 2 

Thus,/will be a maximum when the term in square brackets is zero, or e = -mv = kT, 
which is Eq. (18.34). 


18.48: Note that — = R ^ Na = — 
m M/N a M 


a) ^2(8.3145 J/molK)(300K)/(44.0xl0- 3 kg/mol) =3.37x10 2 m/s. 

b) ^8(8.3145 J/mol-K)(300K)/(^(44.0xl0^ 3 kg/mol)) = 3.80x10 2 m/s. 

c) ^3(8.3145 J/mol • K)(300K)/(44.0x 10' 3 kg/mol) =4.12x10 2 m/s. 


18.49: Ice crystals will form if 7' = 0.0°C; using this in the given relation for 
temperature as a flmction of altitude gives y = 2.5 x 10 3 m = 2.5 km. 

18.50: a) The pressure must be abo ve the triple point, p x = 610 Pa. If p < p x , the water 
cannot exist in the liquid phase, and the phase transition is ffom solid to vapor 
(sublimation). b) p 2 is the criticai pressure, p 2 = p c = 221x10 5 Pa. Forpressures 
below p 2 but above p ] , the phase transition is the most commonly observed sequence, 
solid to liquid to vapor, or ice to water to steam. 


18.51: The temperature of 0.00° C is just below the triple point of water, and so there 
will be no liquid. Solid ice and water vapor at 0.00°C will be in equilibrium. 


18.52: The atmospheric pressure is below the triple point pressure of water, and there can 
be no liquid water on Mars. The same holds true for C0 2 



18.53: a) AV = pV 0 AT = (3.6 xlO“ 5 /°C) (11 L)(21°C) = 0.0083 L 

AV = -kV a Ap = (6.25 x 10" 12 /Pa)(l 1L) (2.1 x 10 7 Pa) = -0.0014L 

So the total change in volume is AV = 0.0083 L- 0.0014L = 0.0069 L. b) Yes; AV is 
much less than the original volume of 11.0 L. 

18.54: m = nM = 

RT 

_ (28.0xl0~ 3 kg/mol)(2.026x 10~ 8 Pa)(3000x 10~ 6 m 3 ) 

“ (8.3145 J/moTK)(295.15K) 

= 6.94x10 16 kg. 


18.55: Am = AnM = ApVM 

RT 

_ (1,05x10 6 Pa)((1.00m)7r(0.060m) 2 )(44.10xlQ- 3 kg/mol) _ 

(8.3145 J/mol-K)(295.15K) “ ' 8 


18.56: a) The height h' at this depth will be proportional to the volume, and hence 

inversely proportional to the pressure and proportional to the Kelvin temperature; 


h' = h^-— = h- 


r 


P' T p, tm + pgy T 


, (1.013xl0 5 Pa) f 280.15K^| 

(1.013 x 10 5 Pa) + (1030 kg/m 3 )(9.80 m/s 2 )(73.0m) ^300.15 K J 

= 0.26 m, 


so A/i = h — li' = 2.04 m. b) The necessary gauge pressure is the term pgy from the above 
calculation, p g = 7.37 x 10 5 Pa. 



18.57: The change in the height of the column of mercury is due to the pressure of the 
air. The mass of the air is 


ffi. 


PV 

nM =- M = 

RT 


p u „gAhV 
PPSÈ. - M 

RT 


(13.6xl0 3 kg/m 3 )(9.80 m/s 2 )(0.060m) 
x ((0.900 m - 0.690 m))(0.620 x 10~ 4 m 2 ) 
(8.3145 J/mol K)(293.15 K) 


A 


(28.8 g/mol) 


v 


J 


= 1.23 x icr 3 g. 


18.58: The density p' ofthe hot air must be p' = p where p is the density of the 
ambient air and m is the load. The density is inversely proportional to the temperature, so 


r _ 


P 


p’ p- (m/V) 


■ = T 


1- 


m 

~pV 


= (288.15 K) 


1 


(290 kg) 


(1.23 kg/m 3 )(500m 3 )y 


545 K, 


which is 272°C. 


18.59: p 2 


Pi 


f VjA 

f 

1 2 

= (2.72 atm) 

V T 
\ V 2 1 \ J 

V 


(0.0150m 3 )(318.15K) N 

(0.0159m 3 )(278.15K) y 


2.94 atm, 


so the gauge pressure is 1.92 atm. 



18.60: (Neglect the thermal expansion of the flask.) a) p 2 = p l (T 2 /T l ) = 
(1.013 x 10 5 Pa)(300/380) = 8.00 x 10 4 Pa. 


b) 


m tot = nM = 


\RT 2 j 


M 


(8.00xlQ 4 Pa)(1.50L) 
v (8.3145 J/moT K)(300K) 


\ 

(30.1 g/mol) = 1.45g. 

) 


18.61: a) The absolute pressure of the gas in a cylinder is (1.20x 10 6 +1.013 x 10 5 ) Pa 

= 1.30x 10 6 Pa. At atmospheric pressure, the volume of hydrogen will increase by a 

factor of so the number of cylinders is 

1.01x10 5 


_ 750m 3 _ 

(1.90 m 3 )((1.30 x 10 6 )/(l .01 x 10 5 )) 


31. 


b) The difference between the weight of the air displaced and the weight of the 
hydrogen is 




P M H; 

RT 


Vg 


= \ 23 kg/m 3 O-O^ 105 Pa)(2.02x 10~ 3 kg/mol) ^ 
v ' g/ (8.3145 J/mol •K)(288.15 K) y 

x(9.80 m/s 2 )(750m 3 ) 

= 8.42xl0 3 N. 


c) Repeating the above calculation with M = 4.00 x 10 3 kg/mol gives a weight of 
7.80x 10 3 N. 



18.62: If the original height is h and the piston descends a distance y, the final pressure 


of the air will be p ã 


' h ' 

h-y 


. This must be the same as the pressure at the bottom of the 


mercury coluirm, p atm + (pg )y. Equating these two, performing some minor algebra and 
solving for y gives 


y = h - = (0.900 m) - 

Pg 


(1.013x10 5 Pa) 


(13.6xlO 3 kg/m )(9.80 m/s ) 


= 0.140m. 



18 . 63 : a) The tank is given as being “large,” so the speed of the water at the top of the 
surface in the tank may be neglected. The efflux speed is then obtained from 


2 


pv 


pgAh + A p, or 


v = J 2 


' A/ V 

gAh H- 


P 


= 2 


(9.80 m/s 2 )(2.50m) + 


(3.20x10 5 Pa) 
(1000 kg/m 3 ) 


= 26.2 m/s. 


b) Let //„ = 3.50 m and p 0 = 4.20x10 5 Pa. In the above expression for 


v, Ah = h - 1.00 m and Ap = p 0 


4.00m-/? 0 
v 4.00 m-h j 


- p ã . Repeating the calculation for 


h = 3.00m gives v = 16.1 m/s and with h = 2.00m, v = 5.44 m/s. c) Setting v 2 = 0 in 
the above expression gives a quadratic equation in h which may be re-expressed as 


n ! AA ^ P a Po 0.50 m 
(/7-1.00m) = —-■ 


Pg pgA.00m.-h 


Denoting — = y = 10.204 m and Po(^ A Q m ) _ =21.43 m 2 , this quadratic becomes 

Pg ' Pg 

h 2 - (5.00m + y)h + ((4.00 m )y + (4.00 m 2 ) - z 2 ) = 0, 

which has as its Solutions h = 1.737m and h = 13.47 m. The larger solution is unphysical 
(the height is greater than the height of the tank), and so the flow stops when h = 1.74 m. 

Although use of the quadratic formula is correct, for this problem it is more efficient 
for those with programmable calculators to fínd the solution to the quadratic by iteration. 
Using h = 2.00 m (the lower height in part (b)) gives convergence to three figures after 
four iterations. (The larger root is not obtained by a convergent iteration.) 



18 . 64 : a) 


b) 


N _ nN Ã _ pVN Ã 
At At RTAt 


(1.00 atm)(14.5 L)(6.023 x 10 23 molecules/mol) 
(0.08206 L • atm/mol • K)(293.15 K)(3600s) 


1.01 xlO 20 molecule [-36/?t] 


(14.5 L)/60 min) 
(0.5 L)(0.210-0.163) 


10/min. 


c) The density of the air has decreased by a factor of (0.72 atm/1.00 atm) x 
(293 K/273 K) = 0.773, and so the respiration rate must increase by a factor of 
to 13 breaths/min. If the breathing rate is not increased, one would experience “shortness 
of breath.” 


18 . 65 : 3N = 3 nN A = 3 (m/M) N A 


^ (6.023 x 10 23 molecules/mol)(50kg) 
(18.0xl0~ 3 kg/mol) 


= 5.0xlO 27 atoms. 


18 . 66 : The volume of gas per molecule (see Problem 18.28) is -j —, and the volume of a 

4 _, n , _, Q . 

molecule is about V 0 = — n(2.0 x 10 m) =3.4x10 m . Denoting the ratio of these 
volumes as/, 


r RT r 

P = f -= / 

N V 


(8.3145 J/mol-K)(300K) 


(6.023x10 molecules/mol)(3.4xl0 m ) 


= (1.2x10 8 Pa)/. 


“Noticeable deviations” is a subjective term, but/on the order of unity gives a pressure 
of 10 8 Pa. Deviations ffom ideality are likely to be seen at values of f substantially lower 
than this. 



18 . 67 : a) Dividing both sides of Eq. (18.7) by the product RTV gives the result. b) The 
algorithm described is best implemented on a programmable calculator or Computer; for a 
calculator, the numerical procedure is an interation of 


x = 


(9.8xl0 5 ) 


- + - 


(0.448) 


(8.3145)(400.15) (8.3145)(400.15) 


-x 


[l - (4.29 x 10~ 5 )x} 


Starting at x = 0 gives a fixed point at x = 3.03 x 10 2 after four iterations. The number 
density is 3.03 x 10 2 mol/m 2 . c) The ideal-gas equation is the result after the fírst 
iteration, 295 mol/nr . The vander Waals density is larger. The term corresponding to a 
represents the attraction of the molecules, and hence more molecules will be in a given 
volume for a given pressure. 


18 . 68 : 

a) U = mgh 



28.0x10 3 kg/mol 
6.023x10 23 molecules/mol 


(9.80 m/s 2 )(400m) = 1.82 x 10^ 22 J. 


3 2 1 82 x 10 1 

b) Setting U = —kT, T =- 1 -——-— = 8.80K. c) It is possible, but not at 

2 3 1.38xIO" 23 J/K 

all likely for a molecule to rise to that altitude. This altitude is much larger than the mean 
lfee path. 



18.69: a), b) (See figure.) The solid curve is U(r), in units of U 0 , and with x = r/R 0 . 
The dashed curve is F(r) in units of U 0 /R 0 . Note that n < F- 


c) When U 




Rj 2 1/6 . Setting F = 0 inEq. (18.26) 


gives r 2 


R 0 and 


2 1/6 . d) U(r 2 ) = U(R 0 ) = -U 0 , so the work required is U 0 . 



18.70: a) \nRT = \ pV = f (l.Olx 10 s Pa)(5.00x 10^m 3 )= 758 J. b) The mass of the 
gas is and so the ratio of the energies is 

£ jgV = 1 Mvl = 1 (2.016x 10- 1 kg/mol)(30.0m/s) 2 
2 |pV 3 RT 3 (8.3145 J/mol• K)(300 K) 


18.71: a) From Eq. (l8.19), 


- s = ^3(8.3145 J/mol • K) (300.15 K) /(28.0 x 10 3 kg/mol) = 517 m/s. 


b) vs/a/3 = 299 m/s. 













18.72: 



J3(l. 38 xl0-” J /K)(5 8 Q ÕW = 120xl04m/s 
\ (1.67 xl0~ 27 kg) 


2GM 

b, - 

V i? 


1 2(6.673 xl O -11 N • m 2 /kg 2 ) (1.99 x 10 30 kg) 
V (6.96 xlO 8 m) 


6.18xl0 5 m/s. 


c) The escape speed is about 50 times the mis speed, and any of Fig. (l8.20), Eq. 

(l 8.32) or Table (l 8.2) will indicate that there is a negligibly small fraction of molecules 
with the escape speed. 


18.73: a) To escape, the total energy must be positive, K + U >0. At the surface of the 
earth, U = - GrnM/R = -mgR, so to escape K > mgR. b) Setting the average kinetic 
energy equal to the expression found in part (a), (3/2 )kT = mgR, or T = (2/3 )(mgR/k). For 
nitrogen, this is 


t _2 (28,0 x 1Q~ 3 kg/mol)(9.80 m/s 2 ) (6.38x10 6 m) 

~ 3 (6.023 x 10 23 molecules/mol)(l,381x 10" 23 J/K) 

= 1.40xlO 5 K 

and for hydrogen the escape temperature is (|||) times this, or 1.01 x 10 4 K. c) For 
nitrogen, T = 6.36 x 10 3 K and for hydrogen, T = 459 K. d) The escape temperature for 
hydrogen 011 the moon is comparable to the temperature of the moon, and so hydrogen 
would tend to escape until there would be none left. Although the escape temperature for 
nitrogen is higher than the moon’s temperature, nitrogen would escape, and continue to 
escape, until there would be none left. 



18.74: (See Example 12.5 for calculation of the escape speeds) 

a) Júpiter: 

v s = ^3(8.3145 J/mol • K)(140K)/(2.02 xlO' 3 kg/mol) =1.31xl0 3 m/s = (0.022 l)v e . 
Earth: 

v s = -73(8.3145 J/mol • K)(220K)/((2.02 x 10 3 kg/mol) = 1.65 x 10 3 m/s = (0.146)v c . 

b) Escape from Júpiter is not likely for any molecule, while escape lfom earth is 
possible for some and hence possible for all. 

c) v s = ^3(8.3145 J/mol • K)(200K)/(32.0 x 10^ 3 kg/mol) = 395 m/s. The radius of 

/ l Á 

the asteroid is R = (3 M/ 4np) = 4.68 x 10 5 m, and the escape speed is 
y/2GM/R = 542 m/s, so there can be no such atmosphere. 


18.75: a) FromEq. (18.19), 


3 kT _ 3(1.381x10 23 J/K)(300K) 
v s 2 _ (0.001 m/s) 2 


1.24x10 14 kg. 


b) mN Á /M = (1.24x10 14 kg)(6.023xl0 23 molecules/mol)/(18.0x 10 3 kg/mol) 
= 4.16x10“ molecules. 


c) D = 2 r = 2 


r W^ 


yAnj 

í 


= 2 


3 m/p 
4 n 




= 2 


3(1.24x10 kg) 


v 47r(920 kg/m ) y 
which is too small to see. 


2.95x10 6 m, 


18.76: From x = Acoscot,v - -coAsincot, 

^ave = ^ kA 2 (cos 2 cot) ave , K íivc = ^mo) 2 A 2 ( sin 2 cot) ave . 

Using (sin 2 (9) ave = (cos 2 6>) ave = j and meo 2 = k shows that K íkc = £/ ave . 



18.77: a) In the same marnier that Eq. (18.27) was obtained, the heat capacity of the 
two-dimensional solid would be 2 R = 16.6 J/mol • K. b) The heat capcity would behave 
qualitatively like those in Fig. (18.18), and heat capacity would decrease with decreasing 
temperature. 


18.78: a) The two degrees of freedom associated with the rotation for a diatomic 
molecule account for two-fifths of the total kinetic energy, so K mt = nRT = (1.00) 

(8.3145 J/mol • K)(300 K) = 2.49 x 10 3 J. 


b) 


/ = 2m(L/2) 2 = 2 


16.0 x 10 3 kg/mol 
v 6.023x10 23 molecules /mol. 


(6.05x10'“ m) 2 


= 1.94 xlO” 46 kg -m 2 . 
c) Using the results of parts (a) and (b), 


2(2.49x10 3 J) 

(1.94x10 46 kg-nr)(6.023xl0 23 molecules/mol) 

= 6.52 x 10 12 rad /s, 
much larger than that of machinery. 


Ctí S = . 


2 KJN a 


I 


18.79: For C0 2 , the contribution to C v other than vibration is 


| R = 20.79 J/mol • K, and C v - 1 R = 0.270 C v 
For both SO 2 and H 2 S, the contribution to Cf other than vibration is 


^R = 24.94 J/mol- K, 

and the respective fractions of C v are 0.25 and 0.039. 



18.80: a) 


J / (v) dv = 4?r| 

o 

= An\ 


^ m ^ 

3/2 oo 

1 í 

v 2 mkT j 

1 J 

0 

k m ^ 

3/2/ 

v 2 mkT j 



v 2 e~ mv,2kT dv 


m 


= 1 


where the tabulated integral (given in Problem 18.81) has been used. b) f(v)dv is the 
probability that a particle has speed between v and v + dv, the probability that the particle 
has some speed is unity, so the sum (integral) of /(v) dv must be 1. 


18.81: With n = 2 and a = m!2kT, the integral is 


Am 


A \ 

3/2/ 

77? 


v 2 mkTj 

V 


2 3 (m/2kT) 


m 3 kT 


( m/2kT ) m 


which is Eq. (18.16). 


18.82: 


oo / \ 3/ 2 oo 


Maldng the suggested change of variable, v 2 = x, 2v Jv = dx, v 3 dv = (l/2)x dx, the 
integral becomes 


/ \ 72 °° 

m 


J vf (v)dv = 2m J xe mX/lkT dx 


= 2d 


^ m ^ 

Y 

f 2 kT) 

v 2 mkT j 


V m J 


2 j' 2ÂT _ 8 KT 
n V m \ mm 


which is Eq. (18.35). 



18.83: a) See Problem 18.80. Because f(v)dv is the probability that a particle has a 
speed between v and v + dv, f (y)dv is the fraction of the particles that ha ve speed in that 
range. The number of particles with speeds between v and v + dv is therefore 
dN = Nf{y)dv and 


A N = N\ v v ^ v f{y)dv. 

b)v mp = V^and 


4 

eV^v mp 

For oxygen gas at 300 K, v mp = 3.95 x 10 2 m/s, and /(v)Áv = 0.0421, keeping an extra 
figure. c) Increasing v by a factor of 7 changes 

/ by a factor of 7 2 e~ 48 , and /(v)Àv = 2.94 x 10“ 21 . d) Multiplying the 

temperature by a factor of 2 increases the most probable speed by a factor of -/ ~2, and the 

answers are decreased by V2; 0.0297 and 2.08 x 10' 21 . e) Similarly, when the 
temperature is one-half what it was parts (b) and (c), the fractions increase by 

V2 to 0.0595 and 4.15x10 2I . f) At lower temperatures, the distribution is more 
sharply peaked about the maximum (the most probable speed), as is shown in Fig. 
(18.20). 


/(O = 


^ m ^ 

A 

( 2kT\ 

ylnkT j 


K m J 


18.84: a) (0.60)(2.34x 10 3 Pa) = 1.40xl0 3 Pa. 

MpV (18.0xl0~ 3 kg/mol)( 1.40x10 3 Pa)( 1.00 m 3 ) in 

b) m = —-— =--——--= 10 e 

RT (8.3145 J/mol • K)(293.15K) 


18.85: The partial pressure of water in the room is the vapor pressure at which 
condensation occurs. The relative humidity is = 42.6%. 



18.86: a) The partial pressure is (0.35)(3.78 x 10'’ Pa) = 1.323 x 10 3 Pa. This is close to 
the vapor pressure at 12°C, which would be at an altitude 

(30°C -12°C)/(0.6°C/l00 m) = 3 km above the ground (more precise interpolation is not 
warranted for this estimate). 

b) The vapor pressure will be the sarne as the water pressure at around 24°C, 
corresponding to an altitude of about 1 km. 


18.87: a) From Eq. (18.21), 

X = (W 2r\NlV)Y' = (4^V2(5.0xl0" n m) 2 (50xl0 6 nT 3 ))' 1 
= 4.5x10" m. 


b) -^3(8.3145 J/mol-K)(20K)/(l.008x10 3 kg/mol) = 703 m/s, and the time between 
collisions is then (4.5 x 10 11 m)/(703 m/s) = 6.4 x 10 8 s, about 20 yr. Colbsions are not 
very important. c) 

p = (N/V)kT = (50 x 10 6 m 3 )(1.3 81 x 10 23 J/K)(20 K) = 1.4 x 10 -14 Pa. 

d) v,= = 

= yj (8tt/ 3)(6.673 x 10 -11 N • m 2 /kg 2 )(50x 10 6 irT 3 )(1.67xlO" 27 kg) 
x (10x9.46x10 15 m) 

= 650 m/s. 


This is lower than v s, and the cloud would tend to evaporate. e) In equilibrium (clearly 
not thermal equilibrium), the pressures will be the same; from pV — NkT, 

ISM nebula 

and the result follows. f) With the result of part (e), 

(V/N) ^ ( ^nvio 6 

——fseMiL = (20 K) 

J \ 

more than tlrree times the temperature of the sun. This indicates a high average kinetic 
energy, but the thinness of the ISM means that a ship would not burn up. 


T -T 

1 ISM ± nebula 


50x 10 6 m 3 
(200 xlO^ 6 m 3 )" 1 


= 2 x 10 5 K, 



18.88: a) Following Example 18.4, ^ = --jf, which in this case becomes 

dp _ Mg dy 
p R T 0 - ay ’ 


which integrates to 



—^-lnfl- — 
Ra { T 0 


\, or p 



b) Using the fírst equation abo ve, for sufficiently small a, ln(l and this 

gives the expression derived in Example 18.4. 


c) íl- (0.6x10-C°/m)(8863m) l 

l (288 K) J 

Mg _ (28.8xlQ- 3 )(9.80m/s 2 ) _ 5 6576 

Ra (8.3145 j/mol • K)(0.6 x 10' 2 C°/m) 

(the extra significant figures are needed in exponents to reduce roundoff error), and 
/7 0 (0.8154) 5 6576 = 0.315 atm, which is 0.95 of the result found in Example 18.4. Note: 

for calculators without the x y flmction, the pressure in part (c) must be found ffom 
p = p 0 exp((5.6576)ln(0.8154)). 



18.89: a) A positive slope Jf would mean that an increase in pressure causes an increase 

in volume, or that decreasing volume results in a decrease in pressure, which cannot be 
the case for any real gas. b) See Fig. (18.5). Frompart (a), p cannot have a positive 
slope along an isothenn, and so can have no extremes (maxima or minima) along an 
isotherm. When f/ vanishes along an isothenn, the point on the curve in a p-V diagram 

d 2 

must be an inflection point, and —pr = 0 


c) 


nRT an 2 
V-nb~~V 2 


õp _ nRT 2an 

ÕV~ (V - nbf V 3 

ô 2 p _ 2nRT 6an 2 

~ÕV 2 ~ (V- nbf V r ' 

Setting the last two of these equal to zero gives 


V 3 /nRT = 2an 2 (V-nb) 2 , V 4 nRT = 3 an 2 (V-nb)\ 

c) Following the hint, V = (3/2 )(V-nb), which is solved for (V/n) c = 3b. Substituting 
this into either of the last two expressions in part (c) gives T c = Ha/21 Rb. 

_ RT _ a _ -^( 27 Rb) _ a _ a 

J Pc ~ (V/n) c -b (V/n) c ~ 2b 9b 2 ~ 21b 2 ' 

£>T _8_ a_ o 

e) = 27 b = — 

p.W»), *3 b 3 ' 


g) H 2 :3.28. N 2 :3.44. F1 2 0 : 4.35. h) While all are close to 8/3, the agreement is not 
good enough to be useful in predicting criticai point data. The van der Waals equation 
models certain gases, and is not accurate for substances near criticai points. 



18.90: a) v av =}(v, + v 2 ) and v ms = ^V v f + v 2 > and 


vL - v 2 v = - (vf + V 2 2 ) - - (V? + r’ 2 + 2 vjV 2 ) 


= -(v 1 2 +v 2 -2v 1 v 2 ) 

4^-v 2 ) 2 . 


This shows that v ms > v av , with equality holding if and only if the particles have the same speeds. 

b) v' 2 s = 7íVrb' Vv ,L + w 2 ),v; v = ^r(-'Vv av + m), and the given forms follow immediately. 


c) The algebra is similar to that in part (a); it helps somewhat to express 

1 


1 2 

v„„ = 


(N + 1) 2 


(N((N +1) - l)v av + 2Nv m u + ((N +1) - N)u z ) 


N 2 
- vi + - 


7V + 1 (N +1) 


(-v 2 v + 2V av w - M 2 ) + — 1 — « 2 . 


7V + 1 


Then, 


f 2 ?2 

V —V = 

rms av 


N 


(N + 1) 
N 


(v ? — v 2 ) + 

V rms av / 


N 


N + l 


(v - v') + 

V rms av / 


(N + l) 
N 

(N + l) 2 


„ (v 2 — 2v u + u ) 

2 V av av / 


O av “'O 2 - 


If v rms > v av , then this difference is necessarily positive, and v' ms > v av . 

d) The result has been shown for N = 1, and it has been shown that validity for N implies 
validity for N + 1; by induction, the result is true for all N. 



Capítulo 19 



19.1: a) 



v 


b) pAV = nRAT = (2.00 mol)(8.3145 J/mol-K)(80 C°) = 1.33 xlO 3 J. 

19.2: a) 



V 

b) If the pressure is reduced to 40.0% of its original value, the final volume is 
(5/2) of its original value. FromEq. (19.4), 

V (i 

W = /7Í?rin^ = (3)(8.3145 J/mol• K)(400.15 K)ln - =9.15xl0 3 J. 

V, \2) 



pV = nRT 

T constant, so when p increases, V decrease 



19.4: At constant pressure, W - pAV = nRAT, so 


W _ 1.75xlQ 3 J 

iiR (6 mol) (8.3145 J/mol• K) 


35.1K 


and AT k =AT c ,so T 2 = 27.0°C+ 35.1°C = 62.1°C. 


19.5: a) 



V 

b) At constant volume, dV = 0 andso W = 0. 




19.7: a) 


p A 


3 2 


1 


V 

b) In the fírst process, W 1 = pAV = 0. In the second process, 
If 2 = = (5.00 x 10 5 Pa) (-0.080 m 3 ) =-4.00x10 4 J. 


19.8: a) W 13 = p l (V 2 - V { ), W 32 = 0, W 24 = p 2 (V\ -V 2 ) and W 4l = 0. The total work done 
by the system is W l3 + W 32 + W 24 + W 4l = (p l - p 2 )(^\ ~ KX which is the area in the p- V 

plane enclosed by the loop. b) For the process in reverse, the pressures are the same, but 
the volume changes are all the negatives of those found in part (a), so the total work is 
negative of the work found in part (a). 

19.9: Q = 254 J ,W - -73 J (work is done on the system), and so AU = Q-W = 327 J. 


19.10: a) pAV = (1.80xl0 5 Pa)(0.210m 2 ) = 3.78xl0 4 J. 

b) AU = Q-W = lA5xl0 5 J-3.78xl0 4 J = 7.72xl0 4 J. 

c) The relations W = pAV and AU = Q-W hold for any system. 



19.11: The type of process is not specified. We can use AÍ7 = Q-W because this applies 
to all processes. 

Qis positive since heat goes into the gas; Q = +1200 J 
W positive since gas expands; W — +2100 J 
AU = 1200 J - 2100 J = -900 J 

We can also use AU = «(■§■ R)AT since this is true for any process for an ideal gas. 


2AU _ 2(-900J) _ 

3 nR ~ 3(5.00 mol)(8.3145 J/mol ■ K) 


-14.4 C° 


T 2 =T 1 +AT = 127°C -14.4 C° = 113°C 


19.12: At constant volume, the work done by the System is zero, so 

AU = Q — W = Q. Because heat flows into the System, Q is positive, so the internai 

energy of the System increases. 

19.13: a) pAV = (2.30xl0 5 Pa)(-0.50m 3 ) = -1.15xl0 5 J . (b 

Q - AU + W - -1.40x 10 5 J + (-1.15xl0 5 J) =-2.55xl0 5 J (heat flows out of the gas). 
c) No; the first law of thermodynamics is valid for any system. 


19.14: a) The greatest work is done along the path that bounds the largest area above the 
F-axis in the p- V plane (see Fig. (19.8)), which is path 1. The least work is done along 
path 3. b) W > 0 in all three cases; Q = AU + W,soQ > 0 for all three, with the greatest 
Q for the greatest work, that along path 1. When Q > 0, heat is absorbed. 


19.15: a) The energy is 

(2.0 g)(4.0 kcal/g) + (17.0 g)(4.0 kcal/g) + (7.0 g)(9.0 kcal/g) = 139 kcal, 

and the time required is (139 kcal)/(510 kcal/h) = 0.273 h = 16.4 min.b) v = . j2K/m = 
^2(139xl0 3 cal)(4.186 J/cal)/(60kg) = 139 m/s = 501 km/h. 



19.16: a) The Container is said to be well-insulated, so there is no heat transfer. b) Stirring 
requires work. The stirring needs to be irregular so that the stirring mechanism moves 
against the water, not with the water. c) The work mentioned in part (b) is work done on 
the system, so W < 0, and since no heat has been transferred, AU = —W > 0. 


19.17: The work done is positive from a to b and negative from b to a; the net work is the 
area enclosed and is positive around the clockwise path. For the closed path AU = 0, so 
Q — W > 0. A positive value for Q means heat is absorbed. 

b) \Q\ = 7200 J, and from part (a), Q > 0 and so Q = W = 7200 J. 

c) For the counterclockwise path, Q = W < 0. W= - 7200 J, so Q = -7200 J and heat 
is liberated, with |(7|=7200 J. 


19.18: a), b) The clockwise loop (I) encloses a larger area in the p-V plane than the 
counterclockwise loop (II). Clockwise loops represent positive work and 
counterclockwise loops negative work, so W\ > 0 and W u < 0. Over one complete cycle, 
the net work W l + W n > 0, and the net work done by the system is positive, c) For the 
complete cycle, AU = 0 and so W = Q. From part (a), W> 0 so Q > 0, and heat ílows 
into the system. d) Consider each loop as beginning and ending at the intersection point 
of the loops. Around each loop, AU = 0, so Q = W; then, Q l =W l > 0 and Q n = W n < 0. 
Heat ílows into the system for loop I and out of the system for loop II. 


19.19: a) Yes; heat has been transferred forni the gasses to the water (and very likely the 
can), as indicated by the temperature rise of the water. For the system of the gasses, 

Q < 0. 

b) The can is given as being constant-volume, so the gasses do no work. Neglecting the 
thermal expansion of the water, no work is done. c) AU = Q — W = Q <0. 


19.20: a) pAV = (2.026xlO 5 Pa)(0.824m 3 -l.OOxlO -3 m 3 ) = 1.67xlO 5 J. 
b) A U = Q-W = mL v - W 

= (1.00kg)(2.20xl0 6 J/kg)-1.67x10 5 J = 2.03x10 6 J. 



19 . 21 : a) Using Equation (19.12), d T = ^= ms5mol ^lj 6 y mo m = 167.9 K > or T= 948 K. 



v 


b) Using Equation (19.14), áT = = (0 . lgSmol glo 7J/mo i-.K) = 119.9 K, or T = 900 K. 



19 . 22 : a)nC v AT = (0.0100 mol)(12.47 J/mol • K)(40.0 C°) = 4.99 J. 



v 



19.23: n = 5.00mol. AT = +30.0C° 

a) For constant p, 

Q = nC p AT = (5.00 mol)(20.78 J/mol • K)(30.0 C°) = +3120 J 
Q > 0 so heat goes into gas. 

b) For constant V, 

Q = nC v AT = (5.00 mol)(12.47 J/mol -K)(30.0 C°) = +1870 J 

Q > 0 so heat goes into gas. 

c) For constant p, 

Q = nC p AT = (5.00 mol)(36.94 J/mol • K)(30.0 C°) = +5540 J 
Q > 0 so heat goes into gas. 


19.24: For an ideal gas, AU = C V AT, and at constant pressure, 
pAV = nRAT. Using C v -\R for a monatomic gas, 


AU = n 


-R 

2 


AT = -pAV = -(4.00x10" Pa)(8.00xl0' J m j -2.00x10 3 m 3 ) = 360 J. 


19.25: For constant p,Q = nC p AT 

Since the gas is ideal, pV = nRT and for constant p,pAV = nRAT. 


Q = nC t 


f pAV^ 


fc ’\ 

V nR ) 


v+J 


pAV 


Since the gas expands, Á V > 0 and therefore Q > 0. Q > 0 means heat goes into 


gas. 


19.26: For an ideal gas, AU = C V AT, and at constant pressure, W = pAV = nRAT. 
Using C v = \R for a monatomic gas, AU = n{\R)AT = |pAV = \W. Then 
Q = AU + W = jW,so W/Q = f. 



19.27: a) For an isothermal process, 


W = nRT ln (V 2 / V \) = (0.150mol)(8.3145 J/mol • K)(350.15K)ln(l/4) 
= -605 J. 


b) For an isothermal process for an ideal gas, AT = 0 and AU = 0. c) For a process 
with AU = 0, Q - W - -605 J ; 605 J are liberated. 


19.28: For an isothermal process, AU = 0, so W = Q = -335 J. 

19.29: For an ideal gas y = C p /C v = 1 + R/C v , and so C v = R/(y -1) = 
(8.3145 J/mol-K)/(0.127) = 65.5 J/mol-K and C p = C v +R = 73.8 J/mol-K. 


19.30: a) 

P 



V 

b) pV 2 - pV l = nR(T 2 -Tj) 

= (0.250 mol)(8.3145 J/mol • K)( 100.0 K) = 208 J. 


c) The work is done on the piston. 

d) Since Eq. (19.13) holds for any process, 

AU = nC v AT = (0.250 mol)(28.46 J/mol ■ K)( 100.0K) = 712 J. 


e) Either Q = nC P AT or Q = AU + W gives Q = 924 x 10 3 J to three significant 
figures. 

f) The lower pressure would mean a correspondingly larger volume, and the net 
result would be that the work done would be the same as that found in part (b) 



19.31: a) C p = R/(l - (l/y)), and so 

(Z40mdXg.3145J/mol-KX5.0C-) 
' 1 - 1 / 1.220 


b) nC v ÁT = nC p AT/y = (553 j)/(l.220) = 454 J. (An extra figure was kept for 
these calculations.) 


19.32: a) See also Exercise 19.36; 


P 2 ~ P\ 


ij 


(l .50x10 5 Pa) 


0.0800 m 
0.0400 m 3 


3 A 


= 4.76x10 Pa. 


b) This result may be substituted into Eq. (19.26), or, substituting the above form 


for p 2 , 


W 


7-1 


Pi v i 


kV 2 j 


(l .50x10 5 Pa)(o.0800 m 3 | 1 


0.0800 

0.0400 




-1.60xl0 4 J. 


c) From Eq. (19.22), (T 2 /T x ) = (V 2 /F, ) y_1 = (0.0800/0.0400) 2/3 = 1.59, and since 
the final temperature is higher than the initial temperature, the gas is heated (see the note 
in Section 19.8 regarding “heating” and “cooling.”) 



19.33: a) 



b) (Use y = 1.400, asin Examplel9.6)From Eq. (19.22), 

T i = T i ( v i IV ,2 ) y_1 = (293.15 K)(l 1. l ) 0 ' 400 = 768 K = 495°C 
and froniEq. (19.24), p 2 = p x (V l /V 2 ) = (l.OO atmXl l.l)' 400 = 29.1 atm. 


19.34: y = 1.4 for ideal diatomic gas Q = AU + W = 0 for adiabatic process 

A U = -W = -^PdV 
PV y = const = Py y 


AU=-J 


10L W dV 

30L yr UV 



10L1 

30L 


= -(1.2 atm) (30 L) 14 


(10L) 14 - 4 — (30L) 1 " 1 ' 4 
1-1.4 


= 50L • atm = 5.1x 10 3 J. 


The internai energy increases because work is done on the gas {AU > 0). 
The temperature increases because the internai energy has increased. 


19.35: For an ideal gas AU = nC v AT. The sign of AU is the same as the sign of AT. 

T x Vy ] = T 2 Vf' and V = nRT/p so, 

VpV = t;p¥ and T! = t; (pj p,y-' 

p 2 < p l and y -1 is positive so T 2 <T V AT is negative so AU is negative; the energy 
of the gas decreases. 



19.36: Equations (19.22) and (19.24) may be re-expressed as 


Zk 

Ty 


\Yu 


P2 
Pl 


f vÇ« 

\V-ij 


a ) y = j>P 2 = (4-00 atm)(2/3) 3 = 2.04 atm, T 2 = (350 K)(2/3) 3 = 267 K. 

b ) y = i,p 2 = (4.00 atm)(2/3) 1 = 2.27 atm, T 2 = (350 K)(2/3) 1 = 298K. 


19.37: a) 

P 



v 

b) From Eq. (19.25), W = nC v AT = (0.450 mol) (12.47 J/mol • K) (40.0 C°) 

= 224 J. Foranadiabaticprocess, (7 = 0 and there is no hcat tlow. 

AU = Q-W = -W = -224 J. 




19 . 39 : See Exercise 19.32. a) p 2 = p^VjVJ = (l.lOxlO 5 Pa) 

((5.00xIO -3 m 3 /l.l00xl0“ 2 m 3 )) 129 = 4.50xl0 4 Pa. 

b) Using Equation (19.26), 

y-1 

_ [(1.1 x 10 5 N/m 3 )(5.0xl0~ 3 m 3 )-(4.5x10 4 N/m 3 )(LOx 10~ 2 m 3 )] 

~ (1.29-1) ’ 

and thus W = 345 J 

c) (r 2 /r i ) = (F 2 /F 1 ) y " 1 =((5.00xl0' 3 m 3 )/(1.00xl0- 2 m 3 )) 029 = 0.818. The final 
temperature is lower than the initial temperature, and the gas is cooled. 

19 . 40 : a) The product pV increases, and even for a non-ideal gas, this indicates a 
temperature increase. b) The work is the area in the p — V plane bounded by the blue line 
representing the process and the vericals at V a and V b The area of this trapeziod is 

^(p h + p a )(V b ~V a ) = ^-(2.40x10 5 Pa)(0.0400m 3 ) = 4800 J. 



19 . 41 : \w\ is the area under the path from A to B in the pV -graph. The volume 
decreases, so W< 0. W = -j(500x 10 3 Pa +150x 10 3 Pa)(0.60 m 3 ) = -1.95 x 10 5 J 


AU = nC v AT 

T t = so AT = T 2 -T 

1 nR nR 2 1 


P^2-PX V X 

nR 


A U = (C v /R)(p 2 V 2 -p l V l ) 

AU = (20.85/8.315)[(500xl0 3 Pa)(0.20 m 3 )-(150xl0 3 Pa)(0.80 m 3 )] 
Then AU = Q-W gives 

Q = AU + W = -5.015xlO 4 J-1.95xlO 5 J = -2.45xlO 5 J 
Q is negative, so heat ílows out of the gas. 


-5.015x1 



19.42: (a) Q abc = A U ac + W abc = nC v AT ac + W a 
get A T ac : PV = nRT —> T = PV/nR 


PV PV PV -PV 

_ 'j 1 _ 'j' _ c c _ a a _ c c _ a a 


nR nR 


nR 


. (l.OxlO 5 Pa)(0. 010 m 3 )-(l.0x10 Pa)(0.0020 m 3 ) 

A / =---= 2o9 K 

(} mole)(8.31 J/moleK) 

W abc = AreaunderPF graph = ^-(0. 010-0.002)m 3 (2.5x 10 5 Pa) 

+ (0.010- 0.002) m 3 (1.0x10 5 Pa) 

Wabc ~ 1-80 xlO 3 J 


AF = nCAT,, = n 


U J 


AT. 


(1 , ^ 

'3' 

( J 3 

— mole 


8.31 

v3 J 

v2 y 

V mole K ) 


(289K) = 1.20xl0 3 J 


Qabc = 1.20xIO 3 J +1.8xlO 3 J = 3000 Jinto thegas 


(b) AU ac in the same = 1200 J 

W ac = area = (0.010-0.002)m 3 (l.OxlO 5 Pa)=800J 
Qac = AU ac + w ac = 1200 J + 800 J = 2000 J into the gas 

(c) More heat is transfered in abc than in ac because more work is done in abc. 


19.43: a) AU -Q-W - (90.0 j)- (60.0 j) = 30.0 J for any path between a and b. If 
JF=15.0 J along path abd, then Q = AU + W — 30.0 J + 15.0 J = 45.0 J. b) Along the return 
path, AU = -30.0 J, and Q = AU + W = (-30.0 j)+(-35.0 j) =-65.0 J; the negative sign 
indicates that the system liberates heat. 

c) In the process db, dV = 0 and so the work done in the process ad is 
15.0 J; Q ad =(U d ~U a ) + W ad = (8.00 j)+ (l 5.0 j) = 23.0 J. In the process db, 

IF = 0 and so =U b -U d = 30.0 J-8.0 J = 22.0 J. 



19.44: For each process, Q = AÍ7 + W . No work is done in the processes ab and dc, and 
so W bc = W abc and W ad = W adc , and the heat flow for each process is: for ab,Q = 90 J : for 
bc, Q = 440 J + 450 J = 890 J : for ad,Q = 180 J +120 J = 300 J : for dc,Q = 350 J. for Q 
= 350 each process, heat is absorbed in each process. Note that the arrows representing 
the processes all point the direction of increasing temperature (increasing U). 


19.45: We will need to use Equations (19.3), W = p(V 2 - Fj)and(17 -4), AU =Q-W. 

a) The work done by the system during the process: Along ab or cd, W= 0. Along bc, 

W bc = p c (v c - V a ). Along ad , W ad = p a (V c - V a ). 

b) The heat flow into the system during the process: Q = AU + W. 

AU ab = U b -U a ,soQ ah =U h -U a+ 0. 

A U bc =U c -U b ,soQ bc =(U c -U b ) +Pc (V c -V a ). 

AU ad =U d -U a ,so Q ad =(u d -U a )+ p a (V c - V a ). 
AU dc =U c -U d ,soQ dc ={U c -U d ) + 0. 

c) From State a to State c along path abc : 

w abc =p c (v c -v a ).Q abc =u b -u a +{u c -u b )+p c (v c -v a )=(u c -u a ) +Pc {v c -v a ) 

From state a to State c along path ade : 

K dc =PÁK-v a ).Q adc =(u c -u a )+ Pa (K -V a ) 

Assuming p c > p a ,Q ahc > Q adc , and W abc > W adc . 

d) To understand this difference, start lfom the relationship Q — W + AU. The internai 
energy change AU is path independent and so it is the same for path abc and path ade. 
The work done by the system is the area under the path in the pV- plane and is not the 
same for the two paths. Indeed, it is larger for path abc. Since AU is the same and W is 
different, Q must be different for the two paths. The heat flow Q is path dependent. 



19.46: a) 


P(Pa) 



b) w = w ab + w bc + w cd + w da 

= 0 + area(èc) + 0 + area(íCa) 

= (7.00 m 3 )(2000 Pa) + (-7.00 m 3 )(6000 Pa) 

= -28,000 J; on the gas since W < 0 

c) Q = AU + W = 0 + (-28,000 J) = -28,000 J 
Heat comes out of the gas since Q < 0. 

19.47: a) We aren’t told whether the pressure increases or decreases in process bc. The 
cycle could be 



In cycle I, the total work is negative and in cycle II the total work is positive. For a cycle, 
AC/ = 0, so Q tot = W tot 

The net heat flow for the cycle is out of the gas, so heat 
Q tot < 0 and W tot < 0. Sketch I is correct. 
b)» r „=fi„=-800J 
K t = K b + w bc + w ca 

W bc = 0 since AV = 0. 

W ab = pAV since p is constant. But since it is an ideal gas, pAV = nRAT 

W ab =nR(T b -T a ) = 1660 J 

w ca = w í0i - W ab = -800 J -1660 J = -2460 J 




19.48: Path achas constant pressure, so W ac = pAV = 11 RAT, and 


W ac - nR( T c - T a ) 

= (3 mol)(8.3145 j/mol ■ K)(492K - 300 K) = 4.789 x 10 3 J. 
Path cb is adiabatic ( Q = 0),so W cb -Q- AU = -AU = -nC v AT, and using 
C v -C p -R, 

W cb =-n(C p -R)(T h -T c ) 


= -(3mol)(29.1 J/mol-K-8.3145 j/mol• K)(600K-492K) = -6.735x10 3 J. 
Path ba has constant volume, so W ba = 0. So the total work done is 

w = w ac + w cb + w ba 

= 4.789x10 3 J-6.735xl0 3 J + 0 
= -1.95xl0 3 J. 


19.49: a) 

P 




c 


<r 


*b 


/N 


4 a 


V 


T = T 

1 a 1 c 

19 50* at n- Q -_ (+2 - 5x11 ' 4 J) _-215mol 

aj n CpAr — (29.07 J/molK)(40.0K) 

b) AU = nC v AT = Q^ = (-2.5 x 10 4 J)§§ = -1.79x 10 4 J. 

c) W = Q-AU = -7.15xl0 3 J. 

d) AU is the same for both processes, and if 
dV = 0, W = 0 and Q = AU = -1.79 xl0 4 J. 



19.51: AU = 0, and so Q = W = pAV and 


W _ (-2.15 x1o 5 J) 
p ~ (9.50x10 5 Pa) 


-0.226 m\ 


with the negative sign indicating a decrease in volume. 


19.52: a) 



v 

b) At constant temperature, the product pV is constant, so 

V 2 = V, ( p, / p ^) = (1.5 L)( ‘ °° x ‘° )= 6.00 L. The final pressure is given as being the same 

as p 3 = p 2 = 2.5 x 10 4 Pa. The final volume is the same as the initial volume, so 

T 3 = T\(p 3 /p x ) = 75.0K. c) Treating the gas as ideal, the work done in the first process is 


nRTln(V 2 /V 1 ) = p l V l \n(pJp 2 ) 


= (1.00 x 10 5 Pa)(l .5 x 10" 3 m 3 ) ln 


l.OQxlQ 5 Pa^ 
v 2.50xl0 4 Pa y 


= 208 J, 


keeping an extra figure. For the second process, 


p 2 (V 3 -V 2 ) = P 2 (V l -V 2 ) = p 2 V l (l-(p l /p 2 )) 


= (2.50x 10 4 Pa)(1.5xl0 3 m 3 ) 


1 


1.00x1 Q 5 Pa 
2.50xl0 4 Pa 


= -113 J. 


The total work done is 208 J -113 J = 95 J. d) Heat at constant volume. 



19.53: a) The fractional change in volume is 


AV = V 0 pAT = (1.20x10 2 m 3 )(1.20xl0 3 K _1 )(30.0K) = 4.32x10^ m 3 . 

b) pAV =(F/ A)AV = ((3.00x10 4 N)/0.0200m 2 ))(4.32xl0 4 m 3 ) = 648J. 

c) Q = mC p AT = V 0 pC p AT = (1.20x10' 2 m 3 )(791 kg/m 3 )(2.51xl0 3 J/kg ■ K)(30.0K 

= 7.15x1o 5 J. 

d) AU = Q-W = 7.15x 10 5 Jto three figures, e) Under these conditions, there is no 
substantial difference between c v and c . 


19.54: a) J3ATV 0 = (5.1x 10 5 (C°) ‘)(70.0C°)(2.00x 10 2 ) 3 = 2.86x 10~ 8 m 3 . 

b) pAV = 2.88x 10~ 3 J. 

c) Q = mCAT = pV 0 CAT 

= (8.9xl0 3 kg/m 3 )(8.00xl0 6 m 3 )(390 J/kg ■ K)(70.0C°) 

= 1944 J. 

a) To three figures, AU = Q = 1940 J. e) Under these conditions, the difference is not 
substantial. 


19.55: For a mass m of ejected spray, the heat of reaction L is related to the temperature 
rise and the kinetic energy of the spray by mL = m CA T - (l/2)wv 2 , or 

L = CAT -1 v 2 = (4190 J/kg ■ K) (80 C°) - ^ (19 m/s) 2 = 3.4 x 10 5 J/kg. 


19.56: Solving Equations (19.22) and (19.24) to eliminate the volumes, 

pl~ l T\ - pl^T^ , or Tj = T 2 


í \ 1_i 

Pt 


\Pu 


Using y = 4forair, T x =(273.15 K)( ^° X ‘T ) 7 =449K, whichis 176°C. 

2.oUXlU 



19.57: a) As the air moves to lower altitude its density increases; under an adiabatic 
compression, the temperature rises. If the wind is fast-moving, Q is not as likely to be 
signigicant, and modeling the process as adiabatic (no heat loss to the surroundings) is 
more accurate. b) See Problems 19.59 and 19.56: The temperature at the higher 
pressure is 

T 2 =(258.15K)((8.12xl0 4 Pa)/(5.60xl0 4 Pa)) 2/7 = 287.1 K, whichisl3.9°Cand so the 
temperature would rise by 11.9 C°. 

19.58: a) 


b) The work done is 

W = Po (2V 0 - V 0 ) + %p 0 (2V 0 ) - p 3 (4F 0 )). 

K 

P^=P^2VjW Q y and so 

W = pA\+ ( ^{2-2^) 

K 

Note that p 0 is the absolute pressure. c) The most direct way to find the temperature is to 

find the ratio of the final pressure and volume to the original and treat the air as an ideal 
gas; 



d) Since n = = ^r{C v + R \ 2 T 0 -T 0 )= p 0 F 0 f-^f+ ll.This amount of 

Kl 0 Kl 0 ( « J 

heat flows into the gas. 




19.59: a) From constant cross-section area, the volume is proportional to the length, and 
Eq. (19.24) becomes L 2 = L x (pJp 2 )' ' and the distance the piston has moved is 

n 1/1.400 > 


!. í. • í. 


f 

7 _ 


f / 

1- 

Pl_ 


= (0.250 m) 

1- 

V 

KPi; 

7 



1.01x10 Pa 
5.21xl0 5 Pa 


= 0.173 m. 

b) Raising both sides of Eq. (19.22) to the power y and both sides of Eq. (19.24) to 
the power y — 1, dividing to eliminate the tenns V{' (/ 11 and V 2 : 11 and solving for the ratio 
of the temperatures, 


T = T 
í 2 


f Ai-(i/y) 

Pl 


PJ 


= (300.15 K) 


/ , x 1—(l/l .400) 

^5.21xl0 5 Pa^ 


l.OlxlO 5 Pa 


= 480 K = 206°C. 


Using the result of part (a) to find L 2 and then using Eq. (19.22) gives the same result. 
c) Of the many possible ways to fmd the work done, the most straightforward is to use 
the result ofpart (b) in Eq. (19.25), 

W = nC v ÁT = (20.0mol)(20.8 J/mol • KXl79.0 C°) = 7.45 x 10 4 J, 

where an extra figure was kept for the temperature difference. 



19.60: a) 


p 



b) The final temperature is the same as the initial temperature, and the density is 
proportional to the absolute pressure. The mass needed to fill the cylinder is then 


m - P 0 V — 
P a 


(1.23 kg/m 3 ) (575 xl0“ 6 m 3 ) 


1.45 x 10 5 Pa 
1.01x10 5 Pa 


1.02x10 3 kg. 


The increase in power is proportional to the increase in pressure; the percentage increases 
is 1 = 0.44 = 44%. c) The temperature of the compressed air is not the same as the original 

temperature; the density is proportional to the pressure, and for the process, and modeled 
as abiabatic, the volumes are related to the pressure by Eq. (19.24), and the mass of air 
needed to fill the cylinder is 


m = p 0 V 


( VT 

P_ 

\P*J 


= (1.23 kg/m 3 ) (575 xlO” 6 m 3 )| 
= 9.16x10 4 kg, 


/ , \ 1/1.40 

' 1.45xl0 5 Pa ' 


l.OlxlO 5 Pa 


an increase of (1.45/1,01) 1/104 -1 = 0.29 = 29% 


19.61: a) For as isothermal process for an ideal gas, 

AT = 0 and AU = 0, so Q = W = 300 J. b) For an adiabatic process, Q = 0, and 
AU --W = -300 J. c) For isobaric, W = pdV = nRdT, or d T = Then, Q = nC p dT 
and substituting for d T gives 

Q = nC p 7^ = C p y , or Q = f R^ = |(300 J). Thus, Q = 750 J. To find AU, use AU = nC v < 

W 

Substituting for d T and C V ,AU = n(4 R) — = \W = 450J. 

nR 



19.62: a) 


p 



b) The isobaric process doubles the temperature to 710 K, and this must be the 
temperature of the isothermal process. c) After the isothermal process, the oxygen is at its 
original volume but twice the original temperature, so the pressure is twice the original 
pressure, 4.80 x 10 5 Pa. d) Break the process into three steps. 

W { = -nRT o = -(0.25 mol)(8.3145 J/mol • K)(335 K) = -738 J; 

W 2 = nRT\n (p,/ p 2 ) = nR(2T o ) ln(l/2) = (0.250 mol)(8.3145 J/mol-K)(710K)(.693; 

W 3 = 0 (because dV = 0). 

Thus, W = 285 J. 


.63: a) During the expansion, the Kelvin temperature doubles and 
n = 300K.W = pAV = nRAT = (0.250 mol)(8.3145 J/mol • K)(355 K) = 738 J, Q = nC p AT 

250 mol)(29.17 J/mol •K)(355K) = 2590 J and AU = nC v AT = Q — W = 1850 J. b) The 
al cooling is isochoric; dV = 0 and so W = 0. The temperature change is 
n = -355 K, and Q = AU = nC v AT = -1850 J. c) for the isothermal compression, 
n = 0 and so AU = 0. 



V 


b) At constant pressure, halving the volume halves the Kelvin temperature, and the 
nperature at the beginning of the adiabatic expansion is 150 K. The volume doubles 
ring the adiabatic expansion, and from Eq. (19.22), the temperature at the end of the 
ransion is (150 K)(l/2) 0 40 = 114 K. c) The minimum pressure occurs at the end of the 
labatic expansion. During the heating the volume is held constant, so the minimum 
issure is proportional to the Kelvin temperature, 
iin = (1.80xl0 5 Pa)(l 13.7 K/300K) = 6.82xlO 4 Pa. 


.65: a) W = pAV = nRAT = (0.150mol)(8.3145 J/moT K)(-150 K) = -187J, 

= nC p AT = (0.150mol)(29.07 J/mol• K)(-150K) = -654 J, A U = Q-W = -467 J. 

b) From Eq. (19.24), using the expression for the temperature found in Problem 
.64, 


W = ^(0.150 mol)(8.3145 j/mol ■ K)(150K)(1 - (1/2° 40 ) = 113 J, 

= 0 for an adiabatic process, and 

J - Q-W = -W = -113 J. c) dV = 0, so W = 0. Using the temperature change as found 
Problem 19.64 and part (b), 

= nC v ÁT = (0.150 mol)(20.76 J/mol ■ K)(300 K -113.7 K) = 580 J, and AU = Q - W = Q 



66: a )W = nRT ln(^)= nRT ln(3) = 3.29 x 10 3 J. 

b) See Problem 19.32(b);«C F J;(l-(l/3) f ) = 2.33xl0 3 J. 

c) V 2 =3V n so pAV = 2pV l =2nRT l =6.00x10 3 J. 

d) 

(0 

(«) 

(») 



The most work done is in the isobaric process, as the pressure is maintained at its 
original value. The least work is done in the abiabatic process. e) The isobaric process 
involves the most work and the largest temperature increase, and so requires the most 
heat. Adiabatic processes involve no heat transfer, and so the magnitude is zero. f) The 
isobaric process doubles the Kelvin temperature, and so has the largest change in internai 
energy. The isothermal process necessarily involves no change in internai energy. 



19.67: a) 


p 



v 

b) No heat is supplied during the adiabatic expansion; during the isobaric expansion, 
the heat added is nC p AT. The Kelvin temperature doubles, so AT = 300.15 K and 

Q = (0.350mol)(34.60 j/moT K)(300.15K) = 3.63 x 10 1 J. c) For the entire process, 

AT = 0 and so AU = 0. d) If AU = 0, W = Q = 3.63 x 10 3 J. e) During the isobaric 
expansion, the volume doubles. During the adiabatic expansion, the temperature 
decreases by a factor of two, and from Eq. (19.22) the volume changes by a factor of 

2 1 <7_1) = 2 1 033 , and the final volume is (14x10 m 3 )2' 033 = 0.114m 3 . 



19.68: a) The difference between the pressure, multiplied by the area of the piston, 
must be the weight of the piston. The pressure in the trapped gas is p„ + ^ = p 0 + yj- 


b) When the piston is a distance h + y above the cylinder, the pressure in the trapped 
gas is 


mg 
Po + — 

v w ) 


h 


h+yj 


and for values of y small compared to h, —-— = (l + jj ~ 1 - j. The net force, taking the 

h + y 

positive direction to be upward, is then 


F = 


Po + 


V 


mg 

2 

nr j 



J 


J^jyPo™ 2 +m §\ 

This form shows that for positive h, the net force is down; the trapped gas is at a lower 
pressure than the equilibrium pressure, and so the net force tends to restore the piston to 
equilibrium. c) The angular frequency of small oscillations would be 



co 


2 


[p 0 nr- + mg 


)!h 


m 


í 2 > 

g_ 1 , Po m ' 

h{ mg J 


If the displacements are not small, the motion is not simple harmonic. This can be seen be 
considering what happens if y — h; the gas is compressed to a very small volume, and 
the force due to the pressure of the gas would become unboundedly large for a finite 
displacement, which is not characteristic of simple harmonic motion. If y » h (but not so 
large that the piston leaves the cylinder), the force due to the pressure of the gas becomes 
small, and the restoring force due to the atmosphere and the weight would tend toward a 
constant, and this is not characteristic of simple harmonic motion. 



19.69: a) Solving for p as a function of V and T and integrating with respect to V, 


P = 


nRT 


an 


V-nb V 2 


W = f 2 pdV = nRT ln ^ nb 

V x - nb 


+ an 


_L_1_ 


When a = b = 0, W = nRT \n(V 2 /V ] ), as expected. b) Using the expression found in part 

(a), 

i) W = (l .80 mol)(8.3145 J/mol • K)(300 K) 


x ln 


( 4 , 00 xlO~ 3 m 3 )-(l,80mol)(6.38x 10~ 5 m 2 /mol) 
(2.00x10" 3 m') - (l. 8 0 mo l)(ó. 3 8 x 10 " 5 m 2 / mol) 


+ (o.554 J ■ m 3 /mol 2 )(l .80 mol)" 


1 


1 


4.00 xl0~ 3 m 3 2.00 xlO -3 m 


= 2.80x 10 J. 


ii) nRT ln(2) = 3.11 x 10 3 J. 

c) 300 J to two figures, larger for the ideal gas. For this case, the difference due to 
nonzero a is more than that due to nonzero b. The presence of a nonzero a indicates that 
the molecules are attracted to each other and so do not do as much work in the expansion. 



Capítulo 20 



20.1: a) 2200 J + 4300 J = 6500 J. b) = 0.338 = 33.8%. 


20.2: a) 9000 J-6400 J = 2600 J. b)ggy = 0.289 = 28.9%. 


20.3: a) ^ = 0.230 = 23.0%. 


b) 16,100 J-3700 J = 12,400 J. 

c) - 4 , = 0.350 g. 

7 4.60xl0 4 J/kg & 

d) (3700J)(60.0/s) = 222 kW = 298 hp. 


20.4: a) Q = ±Pt = (lgOxl ( S ) 1 ' 0 ° s) = 6.43 x 10 5 J. 

b)Q-Pt = 6.43xl0 5 J-(180x10 3 W)(1.00s) = 4.63xl0 5 J. 

20.5: a) e = 1 |^ r = 0.25 = 25%. b) 1300 MW - 330 MW = 970MW. 

20.6: Solving Eq. (20.6) for r, 

(1 - y) ln r = ln(l - e) or 

r = (1 -e) 1 ^ = (0.350)" 2 ' 5 =13.8. 

If the first equation is used (for instance, using a calculator without the x y fünction), note 
that the symbol “e” is the ideal efficiency , not the base of natural logarithms. 


20.7: a) T h = T a r y ~ l = (295.15 K)(9.5) 0 ' 40 = 726 K = 453°C. 
b) Pb = Pa r y = (8.50x10 4 Pa)(9.50) > ’ =1.99x10 6 Pa. 


20.8: a) From Eq.(20.6), e = 1 -r l ~ y = 1 - (8.8)" 040 = 0.58 = 58%. 

b) 1 - (9.6) ° 4 " = 60%, an increase of 2%. If more figures are kept for the 
efficiencies, the difference is 1.4%. 


20.9: a) \w\ = = 3 - 40 2 x 1 1 0 ° 4 J = 1.62 x 10 4 J. 

b)|e„ | = \Q C | + \W\ = | Q c |(1 + i) = 5.02 x 10 4 J. 



n _w _ Qc _ 1 (Am' 


20.10: P = — = 

At KAt K 


V A t j 


(L f +c p \AT\) 


1 

Z8 


|^)((. -60 x 10 5 J/kg) + (485 J/kg • K)(2.5 K)) = 128 W. 


20.11: a) 1-44x10 J 9 - 80xl ° J = ?6? w b)E£R = or 


EER = 


60.0 s 
(9.8 xlO 4 J)/(60s) 


[( 1.44 x 1 0 5 J)/(60 s) - (9.8 x 10 4 J)/(60 s)] 


1633 W 

(3.413) = (3.413) = 7.27. 

767 W V 


20.12: a) |g c | = m(Z / + c ice |A7: ce | + c water |Ar water |) 

= (1.80 kg) (334 x 10 3 J/kg + (2100 J/kg • K)(5.0K) + (4190 J/kg • K)(25.0 K)) 
= 8.90xl0 5 J. 

b) ^ = ÍM = mm^ = 3 .37x10 5 J. 

c) \Q U \=W+\Q C |= 3.37 xlO 5 J + 8.08xlO 5 J = 1.14xl0 6 J(note that | Q H \= 

I fíc I (1 + y)-) 


20.13: a)\Q n \-\Qc |= 550J-335J = 215J. 

b) T c = r H (I Q c l/l Q h I) = (620 K)(335 J/550 J) = 378 K. 
C) 1 - (| Qc l/l Qh I) = 1 - (335 J/550 J) = 39%. 


20.14: a) FromEq. (20.13), the rejected heat is (|^ok)(6450 J) = 3.72xl0 3 J. 

b) 6450 J-3.72x10 3 J = 2.73x10 3 J. 

c) From either Eq. (20.4) or Eq. (20.14), e=0.423=42.3%. 


20.15: a) | Q H H Q c \^- = mL { 

= (85.0 kg)(334x IO 3 J/kg ) (287 ' 15 K ) = 3.088x 10 7 J, 
' (273.15 K) 

or 3.09 x 10 7 J to two figures, b) | W H Q n \ - \ Q c |=| Q u | (1 — ( T C /T H )) = 
(3.09xlO 7 J)x (1-(273.15/297.15)) = 2.49xlO 6 J. 



20.16: a) FromEq. (20.13), (f^)(415 J) = 492 J. b) The workper cycle is 
492 J - 415 J = 77 J, and P = (2.75) x = 212 W, keeping an extra figure, 
c) Tj(T n -r c ) = (270K)/(50K) = 5.4. 


20.17: For all cases, | W |=| 0 H \ - \ Q c \. a) The heat is discarded at a higher 
temperature, and a refrigerator is required; | W |=| Q c \ ((T h /T c ) -1) = (5.00 x 10 3 J) x 
((298.15/263.15) -1) = 665 J. b) Again, the device is a refrigerator, and 
I W |=| Q c | ((273.15/263.15) -1) = 190 J. c) The device is an engine; the heat is taken 
forni the hot reservoir, and the work done by the engine is | W |= (5.00 x 10 3 J) x 
((248.15/263.15) -1) = 285 J. 

20.18: For the smallest amount of electrical energy, use a Carnot cycle. 

âii = 0Cool water to 0 o C + ôfreezewater = mcAT + mL f 

= (5.00 kg)(4190yp-)(20 K) + (5.00 kg)(334x 10 3 J/K) 

= 2.09x10 6 J 

Carnot cycle: = Qm l 2 ' Q9xlQ J = 

T colá T hot 268K 293K 

Q out = 2.28 x 10 6 Jfinto the room) 

W = Q out -Q in =2.28 xl0 6 J- 2.09 xl0 6 J 
W = 1.95 x 10 5 J(electrical energy) 


20.19: The total work that must be done is 

W tot = mgy = (500kg)(9.80 m/s 2 )(100m) = 4.90xl0 5 J 

Q n = 250 J Find Q c so can calculate work W done each cycle: 

0c _ T c 
0h T h 

Q c = ~(T C /T h )0 h = -(250 J)[(3 73.15 K)/(773.15 K)] = -120.7 J 
W = Qc + Qh = 129.3 J 

The number of cycles required is ^ = 3790cycles. 

W 129.3 J 



20.20: For a heat engine, Q n = —Q c /(l — e) = — (-3000 J)/(l - 0.600) = 7500 J, 
and then W = eQ H = (0.600)(7500 J) = 4500 J. This does not make use of the given value 
of T h . If T u is used, then for a Camot engine, T c = J H ( l-e)= (800 K)(l - 0.600) = 320 K 
and Q u = -Q C T H / T c , whieh gives the same result. 


20.21: Q c =-mL f =-(0.0400kg)(334xl0 3 J/kg)=-1.336xl0 4 J 

Qc _ _Tç_ 

Qn T u 

Q U = _(r H /T c )Q C = -(-1.33 6 X1 0 4 j|(373.15 K)/(273.15K)] = +1.825 x 10 4 J 
JT = Qc “t - Qu = 4.89x10^ J 


20.22: The claimed efficiency of the engine is L51xl0 8 J = 58%. While the most efficient 

engine that can operate between those temperatures has efficiency e Carno[ = 1 -= 38%. 

The proposed engine would violate the second law of thermodynamics, and is not likely tc 
find a market among the pradent. 


20.23: a) Combining Eq. (20.14) and Eq. (20.15), 

js _ TçlT n _ \ — e _ 1 — e 

1 -(r c /r„) (!-(!-«)) e ' 

b) As e—>\,K —>()', a perfect (e = 1) engine exhausts no heat (Q c = 0), and this is 
useless as a refrigerator. As e —> 0, K — » oo; a useless (e = 0) engine does no work 
(W = 0), and a refrigerator that requires no energy input is very good indeed. 


. „ ., . Q mL r 

20.24: a) —= — 

T T 
A c 1 c 

,. -1.17xl0 5 J 

b)- 

298.15K 


(0.350kg)(334xl0 i J/kg) = 
(273.15 k) 


-392 J/K. 


c) A S = 428 J/K + (-392 J/K) = 36 J/K. (If more figures are kept in the 
intermediate calculations, or if AS = g((l/273.15K)-(1/298.15 K)) 
is used, AS = 35.6 J/K. 



20.25: a) Heat flows out of the 80.0° C water into the ocean water and the 80.0° C 
water cools to 20.0° C (the ocean warms, very, very slightly). Heat flow for an isolated 
system is always in this direction, fforn warmer objects into cooler objects, so this 
process is irreversible. 


b) 0.100 kg of water goes form 80.0°C to 20.0° C and the heat flow is Q = 
(0.100 kg)(4190 j/kg • K)(-60.0C°) = -2.154x10 4 J 
This Q comes out of the 0.100 kg of water and goes into the ocean. 

For the 0.100 kg of water, 

AS = mc ln (TJT^ = (0.100kg)(4190 J/kg ■ K) ln(293.15/353.15) = -78.02 J/K 
For the ocean the heat flow is Q = +2.154 x 10 4 J and occurs at constant T : 


AO Q 2.154xl0 4 J 

AS = — =- 

T 293.15K 


+85.76 J/K 


mcAT = 


AS net = AS water + AS ocean = -78.02 J/K + 85.76 J/K = +7.7 J/K 


20.26: (a) Irreversible because heat will not spontaneously flow out of 15 kg of water into 
a warm room to ffeeze the water. 


(b) AS = AS ice + AS room 


mL v mL v 
■ + ■ h 


T T 

ice room 


(15.0kg)(334xl0 3 J/kg) -(15.0kg)(334x10 3 J/kg) 


273 K 


293 K 


= + 1,250 J/K 

This result is consistent with the answer in (a) because AS > 0 for irreversible processes. 


20.27: The final temperature will be 


(1.00 kg)(20.0°C) + (2.00 kg)(80.0°C) 
(3.00 kg) 


= 60°C, 


and so the entropy change is 


(4190 J/kg •K) 


(1.00 kg) ln 


333.15K 
v 293.15 K j 


+ (2.00 kg) ln 


333.15K 
V 353.15K j 


= 47.4 J/K. 



20.28: For an isothermal expansion, 

AT = 0, AU = 0 and Q = W. The change of entropy is ^ = 6.31 J/K. 


20.29: The entropy change is AS 


AQ 
T ’ 


and AQ = mL v . Thus, 


^ - mL v -(0.13kg)(2.09x 10 4 J/kg) ^ 

T (4.216 K) ' 


20.30: a) A S = y = = (k0Q J,/kg> = 6.05 x 10 3 J/K. Note that this is the change 

of entropy of the water as it changes to steam. b) The magnitude of the entropy change 
is roughly five times the value found in Example 20.5. Water is less ordered (more 
random) than ice, but water is far less random than steam; a consideration of the density 
changes indicates why this should be so. 


20 .3!: a) AS = £ = ük. A 18 - 0 * 10 " WZttx =ms/K , 


b) 


N 2 : 


T T (373.15 K) 

(28.0x10 3 kg)(201xl0 3 J/kg) 


(77.34 K) 


= 72.8 J/K 


(107.9xl0- 3 kg)(2336xl0 3 J/kg) 1Q22 J/K 
(2466 K) ' ’ 


„ (200.6 x 10 ~ 3 kg)(272x 10 3 J/kg) 

Hg: (630K) 

c) The results are the same order or magnitude, all around 100 J/K .The entropy 
change is a measure of the increase in randomness when a certain number (one mole) 
goes from the liquid to the vapor State. The entropy per particle for any substance in a 
vapor state is expected to be roughly the same, and since the randomness is much higher 
in the vapor state (see Exercise 20.30), the entropy change per molecule is roughly the 
same for these substances. 


86.6 J/K 



20.32: a) The final temperature, found using the methods of Chapter 17, is 


_ (3.50kg)(390 J/kg -K)( 100C°) _ 

(3.50kg)(390 J/kg-K) +(0.800 kg)(4190 J/kg-K) 


28.94°C, 


or 28.9°C to three figures, b) Using the result ofExample 20.10, the total change in 
entropy is (making the conversion to Kelvin temperature) 


AS = (3.50kg)(390 J/kg ■ K) ln 


^302.09 K 8 
v 373.15K y 


+ (0.800kg)(4190 J/kg-K)ln 


302.09K^ 

v 273.15K y 


= 49.2 J/K. 


(This result was obtained by keeping even more figures in the intermediate calculation. 
Rounding the Kelvin temperature to the nearest 0.01 K gives the same result. 


20.33: As in Example 20.8, 


AS 


nR ln 


'v A 

' 2 


(2.00 mol)(8.3145 J/mol • K) ln 


" 0.0420 m 3 " 
v 0.0280 m 3 y 


6.74 J/K. 


20.34: a) On the average, each half of the box will contain half of each type of 
molecule, 250 of nitrogen and 50 of oxygen. b ) See Example 20.11. The total change in 
entropy is 


A.S = kN l ln(2) + kN 2 ln(2) = (/V, + N 2 )k ln(2) 

= (600)(1.381 x 10~ 23 j/K)ln(2) = 5.74xlO -21 J/K. 

c) See also Exercise 20.36. The probability is (l/2) 500 x(l/2) 100 = (l/2) 600 = 2.4xlO -181 , 
and is not likely to happen. 

The numerical result for part (c) above may not be obtained directly on some 
standard calculators. For such calculators, the result may be found by taking the log base 
ten of 0.5 and multiplying by 600, then adding 181 and then finding 10 to the power of 
the sum. The result is then 10 181 xlO 087 = 2.4 xl0~ 181 . 



20.35: a) No; the velocity distribution is a function of the mass of the particles, the 
number of particles and the temperature, none of which change during the isothermal 

expansion. b) As in Example 20.11, w l = / V w 2 (the volume has increased, and w 2 < w,); 
ln(w 2 /w,) = In (3 V ) = N ln(3), and AS = kN ln(3) = biN A ln(3) = nR ln(3) = 18.3 J/K. 
c) As in Example 20.8, AS - nR Infl/,/!/) = nR ln(3), the same as the expression used in 
part (b), and AS = 18.3 J/K. 


20.36: For those with a knowledge of elementary probability, all of the results for this 
exercise are obtained ffom 


p(k)=(i)p k (i- p y- k 


4! 


k\(4-k)\ 


\ 

v2 j 


where P(k) is the probability of obtaining k heads, n = 4 and p = 1 - p = \ for a fair coin. 
This is of course consistent with Fig. (20.18). 

a ) wi (V 2 ) 4 = m (V 2 ) 4 = Te for a11 heads or a11 tails - b ) Jií 1 / 2 ) 4 = 1§! = {• 
c) m í(V 2 ) 4 = l- d ) 2x l6 + 2x 4 + l = ^- ^ be number of heads must be one of 0, 1, 2, 3 or 
4, and there must be unit probability of one and only one of these possibilities. 


20.37: a) 0 H =+4OOJ, JT = +300J 

W = Q c + Qk, so Q c = W-Q h =-100J 


Since it is a Carnot cycle, 

Qn 


T 

1 u 


T c = -T h (Q c /Q h ) = -(800.15 K)[(-100 J)/(400 J)] = +200 K = -73°C 


b)Totalg c requiredis - mL { =-(l0.0kg)(334xl0 3 J/kg)= -3.34x 10 6 J 
Q c for one cycle is -100 J, so the number of cycles required is 
-3.34xlQ 6 J 
-100 J/cycle 


3.34x10 4 cycles 



20.38: a) Solving Eq. (20.14) for T U ,T U = T c —-— so the temperature change 

1-e, 


T' —T —T 

1 U 1 H 1 C 


_ 

1-e' 1-e, 


í_l 

1 

V 


(183.15k(—( 


1 


\0.55 0.600 


= 27.8K. 


b) Similarly, T c = T u (l - e), and if 7)' = T u 


0.050^ 


77-77 = 77^—^ = (l83.15K) 
c c c 1 -e v 10.600 


= 15.3K. 


20.39: The initial volume is V l = = 8.62 x 10 3 m 3 . a) At point 1, the pressure 

is given as atmospheric, and p x = 1.01 x 10 5 Pa, with the volume found above, V l = 
8.62 x 10 _3 m 3 .F 2 - V l - 8.62 x 10~ 3 m 3 , and p 2 =j^p l =2p l = 2.03 x 10 5 Pa 
(using p a = 1.013 x 10 5 Pa ).p 3 = p x = 1.01 x IO 3 Pa and V 3 - V l = 1.41 x 10“ 2 m 3 . 
b) Process 1 - 2 is isochoric, AV = 0 so W = 0. AU = Q- nC v AT = (0.350 molX5/2) x 
(8.3145 J/mol ■ KX300K) = 2.18 x 10 3 J. The process 2 - 3 is adiabatic, Q = 0, and AU - 
-W = nC v AT = (0.350mol)(5/2)(8.3145 J/mol• K)(-108K) = -786 J (W > 0).The 
process 3 -1 is isobaric; W = pAV = nRAT = (0.350mol)(8.3145 J/mol-K)(-192 K) = 
- 559 J, AU = nC v AT = «(5/2)(8.3145 J/mol ■ K)(-192 K) = -1397 J and Q = 
nC p AT = (0.350 mol)(7/2)(8.3145 J/mol ■ K)(-192 K) = -1956 J = AU + W. c) The 
net work done is 786 J - 559 J = 227 J. d) Keeping extra figures in the calculations for 
the process 1-2, the heat ílow into the engine for one cycle is 2183 J —1956 J = 227 J. 
e)e = 2 iül = 0-104 = 10.4%. For a Camot - cycle engine operatingbetween300K 
and 600 K, the thermal efficiency is 1 - = 0.500 = 50%. 



20.40: (a) The temperature at point c is T c - 1000 K since from pV = nRT, the maximum 
temperature occurs when the pressure and volume are both maximum. So 

P'V r (ó.OOx 10 5 Pa)(o.Q300m 3 ) 

ItT (8.3145 J/mol-K)(l000 K) 

(b) Heat enters the gas along paths ab and bc, so the heat input per cycle is Q H = 

Qu C = W ac + A£/ ac . Path ab has constant volume and path bc has constant pressure, so 

W ac = W ab + W bc = 0 + p c (V c -V b ) = (6.00x10 5 Pa)(0.0300m 3 - 0.0100m 3 ) = 1.20x 10 4 J 

For an ideal gas, 

A U ac = nC v (T c - T) = C v (p c V c - p a V a )/R, using nT = pV/R. For C0 2 ,C v = 28.46 J/mol.I 
so 

A U ac = 28 - 46J / mol ' K ((6.00x 10 5 Pa)(0.0300m 3 )-(2.00x 10 5 Pa)(0.0100m 3 )) = 5.48x 
8.3145 J/mol • K 

Then Q u = 1.20x 10 4 J + 5.48xlO 4 J = 6.68xl0 4 J. 

(c) Heat is removed from the gas along paths cd and da, so the waste heat per cycle is 
Q c = Q ca = W ca + AÍ7 ct . Path cd has constant volume and path da has constant pressure, 
so 

W ca = W ci + W da =0 + p d (V a -V d ) = (2.00 x 10 5 Pa)(0.0100m 3 -0.0300 m 3 ) = -0.400xl0 4 . 
From (b), 

A U rn = -AU nr = -5.48x 10 4 J, so Q r = -0.400xlO 4 J -5.48x10 4 J = -5.88x10 4 J. 

ca ac 7 

(d) The work is the area enclosed by the rectangular path abcd, 

W = (p c - p a )(V c -VJ, or W = Q h + Q c = 6.68x 10 4 J - 5.86x 10 4 J = 8000 J. 


(e) e = W/Q n =(8000J)/(6.68xl0 4 J) = 0.120. 



20.41: a) W = 1.00 J, T c = 268.15 K, T H 
For the heat pump Q c > 0 and Q H < 0 

W = Q C +Q h ', combining this with - 

Q H 

W 1.00J 

“ 1 -T c /T u ~ 1 —(268.15/290.15) ~ 


= 290.15 K 


--y- gives 

-*H 

13.2 J 


b) Electrical energy is converted directly into heat, so an electrical energy input of 13.2 J 
would be required. 


c) From part (a), Q n 



■ Q n decrease as T c decreases. 


The heat pump is less efficient as the temperature difference through which the 
heat has to be “pumped” increases. In an engine, heat flows from T u to T c and work is 
extracted. The engine is more efficient the larger the temperature difference through 
which the heat flows. 



20.42: (a) Q m - Q ab + Q be 

Q , Q 

2 ~'Out= 2 -'ca 

T^=T b =T c = 327°C = 600K 


pv PV P I 

- 2 — 2 - = = —T b = -(600 K) = 200 K 

T a T b T b 3 


P b V b = „RT b ^V b = ’^ = < 2m ° les ><8-31 JnêX600K) = m , 
bb Pu 3.0x 10 Pa 


PV PV P 

-^v c = v b ^ = (0.0332m 3 ) 
Tu T, P„ 


í tA 


= 0.0997 m 3 = V. 


VF 


Monatomic gas: C, = f i? and C P = ^R 




Qab = nC v KT ab = (2 moles) 


8.31- 


V Z A 


mole K 


(400 K) = 9.97x10 3 J 


i*c pcnRT V 

Qbe = W bc = £ PdV =\ b -^-dV = nRT b ln ^ = nRT b ln 3 


= (2.00moles) 8.31 


A 


mole K 

4 


Vu 


(600K)lii3 = l.lOxlO 4 J 


Q m =Q ab + Q bc = 2.ioxio 4 j 

ôout = Qca = l}C ,A T ca = (2-00 moles)| 


f 5 l 

r j ^ 


8.31 

v2 y 

^ mole K y 


(400 K) = 1.66x10 4 J 


(b)Q = ÁU + w = 0 + W^W = Q m -Q out =2.10xl0 4 J-1.66xl0 4 J = 4.4xl0 3 J 


e = W/Q m = 


4.4x10 J 
2.10xl0 4 J 


= 0.21 = 21 % 


(c) e — e 

V / max < 


_ 1 L c _ 1 200K 

max '■'cannot 1 T h 1 600 K 


= 0.67 = 67% 



20 . 43 : a) 



b) Q h - +500 J 

W = mgy = (15.0kg)(9.80m/s 2 )(2.00m) = 294 J 
W = Q c + Q h , Q c =W-Q h = 294J-500J = -206J 

Qc T c 
Qh T n 

T c = -T h (Q c /Q h ) = -(773 K)[(-206 J)/(500 J)] = +318 K = 45°C 

c) e = W/Q h = (294 J)/(500 J) = 58.8% 

d) Q c = -206 J; wastes 206 J of heat each cycle 

e) From part (a), state a has the maximum pressure and minimum volume. 

pV = nRTt p = ! RT = (2.00 -01X83145 J/mol ■ K)(773K) = # 

V 5.00x10 3 m 3 


20 . 44 : a) e-l -= 7.0%. b)^ = 
(i-l)(210kW) = 2.8MW. 


PcM — 210kW _ 


= 3.0MW, 3.0MW-210kW = 


. dm d Q c 
c) — = —— 
dt cAT 


Idt (2.8 xl0 6 W) (3600 s/hr) 
(4190 J/kg-K) (4 K) 


= 6 x 10 5 kg/hr = 6 x 10 5 L/hr. 


20 . 45 : There are many equivalent ways of fmding the efficiency; the method presented 
here saves some steps. The temperature at point 3 is 7/ = 4r o , and so 

Q h = A U u + W 13 = nC v (T 3 - T 0 ) + Ç2p 0 ){2V 0 - V 0 ) = |«i?T 0 (3) + 2 p 0 V 0 = y p 0 V 0 , 

where nRT 0 = p 0 V 0 has been used for an ideal gas. The work done by the gas during one 
cycle is the area enclosed by the blue square in Fig. (20.22), W = p 0 V 0 , and so the 
efficiency is e = ^ = 10.5%. 



20 . 46 : a) p 2 = p l = 2.00 atm, 

V 2 = V x jr = (4.00 L)(3/2) = 6.00 L. V 3 =V 2 =6.00L, p 3 = p 2 f = p 2 (5/9) = 1.111 atm, 

Pa = = 2 ^ 3 ( 3 /2) = 1.67 atm. As a check, p x = p 4 j^ = p 4 (6/ 5) = 2.00 atm. To 

summarize, 

(p x , Fj) = (2.00 atm, 4.00 L) ( p 2 ,V 2 ) = (2.00 atm, 6.00 L) 

(p 3 ,V 3 ) =(1.111 atm, 6.00 L) (p 4 , V 4 ) = (1.67 atm, 4.00 L). 




4 



3 


b) The number of moles of oxygen is n = and the heat capacities are those in 
Table (19.1). The product p x V x has the valuex = 810.4 J; using this and the ideal gas law, 


1 : 


Q = nCpAT = — x| 
P R 


W = Pl AV = x 


f T \ 

—-1 

7 

í r \ 

^-1 

7 


= (3.508X810.4 J)(l/2) = 1422 J, 


= (810.4 J)(l/2) = 405 J. 


Q = nC v AT = ^x\ 

V R 


R -T 2 

v T x , 


iii: 

W = nRT 3 ln 


11 

fv.,) 


j 

XJ 

1 x 1 

TJ 


iv: Q = nC v AT = ^x\ 

v R 


T 

1 _ 2 ± 

v *1 7 


= (2.508X810.4 J)(— 2/3) = -1355 J, W = 0. 

= (810.4 J)(5/6) ln (2/3) = -274 J, Q = W 
= (2.508X810.4 J)(l/6) = 339 J, W = 0. 


In the abo ve, the ternis are given to nearest integer number of joules to reduce roundoff 
error. 


c) The net work done in the cycle is 405 J - 274 J = 131J. 

d) Heat is added in steps i and iv, and the added heat is 1422 J + 339 J = 1761J and the 
efficiency is ////j = 0.075, or 7.5%. The efficiency of a Camot-cycle engine operating 


between 250 K and 450 K is 1 - ^ = 0.44 = 44%. 



20 . 47 : a) AU = 1657 kJ -1005kJ = 6.52x 10 5 J, W = pAV = (363 xlO 3 Pa)x 
(0.4513 m 3 - 0.2202 m 3 ) = 8.39 x 10 4 J, and so Q = AU + W = 7.36 x 10 5 J. 

b) Similarly, 

Q H =AU-pAV 

= (1171 kJ -1969kJ) + (2305 x IO 3 Pa)(0.00946 m 3 - 0.0682 m 3 ) 

= -9.33xl0 5 J. 

c) The work done during the adiabatic processes must be found indirectly (the 
coolant is not ideal, and is not always a gas). For the entire cycle, AU = 0, and so the net 

work done by the coolant is the sum of the results of parts (a) and (b), -1.97 x 10 5 J. The 

work done by the motor is the negative of this, 1.97 x 10 5 J. d) K = = 3 ' 3 ^|° 5 3 = 3.74. 

20.48: For a monatomic ideal gas, C P = f R and C v = f R. 

a) ab: The temperature changes by the same factor as the volume, and so 

Q = nC p AT = ^ Pa (V a -V b ) = (2.5)(3.00x 10 5 Pa)(0.300m 3 ) = 2.25 x 10 5 J. 

R 

The work pAV is the same except for the factor of f, so W = 0.90 x 10 5 J. 

AU = Q-W = 1.35x10 5 J. 

bc\ The temperature now changes in proportion to the pressure change, and 
Q = y(Pc~ PbW b ~ (T5)(-2.00x 10 5 Pa)(0.800m 3 ) = -2.40x 10 5 J, and the work is zero 
(AV - 0). AU -Q-W - -2.40 x 10 5 J. 

ca: The easiest way to do this is to fmd the work done first; W will be the negative of area 
in the p-V plane bounded by the line representing the process ca and the verticais from 
points a and c. The area of this trapezoid is \ (3.00 x 10 5 Pa +1.00 x 10 5 Pa) x 

(0.800 m 3 - 0.500 m 3 ) = 6.00 x 10 4 J, and so the work is - 0.60 x 10 5 J. AU must be 
1.05 x 10 5 J (since AU = 0 for the cycle, anticipating part (b)), and so Q must be 
AU + W = 0.45 xl O 5 J. 

b) See abo ve; Q = W = 0.30x10 5 J, AU = 0. 

c) The heat added, during process ab and ca, is 2.25 x 10 5 J + 0.45 x 10 5 J 
= 2.70x 10 5 J and the efficiency is Jr = ° ,3 ^|°5 =0.111 = 11.1%. 



20.49: a) ab : For the isothermal process, AT = 0 and AU = 0. W = nRT x ln (V b / V a ) = 
nRT t \n(\/r) = -nRT { ln(r), and Q = W = -nRT x ln(r). bc: For the isochoric process, 

AV = 0 and W = 0',Q = AU = nC v AT = «C,, (T 2 - T x ). cd: As in the process ab, 

AU = 0 and ÍT = 0 = nRT 2 \n(r). da: As in process bc, AV = 0 and W - 0; 

AÍ7 = Q = nCyiTy - T 2 ). b) The values of Q for the processes are the negatives of each 
other. c) The net work for one cycle is W na - nR(T 2 - rj)ln(r), and the heat added 
(neglecting the heat exchanged during the isochoric expansion and compression, as 
mentioned in part (b)) is Q cd = nRT 2 ln(r), and the efficiency is jfj - 1 - (TJT 2 ). This is 

the same as the efficiency of a Carnot-cycle engine operating between the two 
temperatures. 


20 . 50 : The efficiency ofthe First engine is e, - Th t t and that of the second is e 2 = 1 7| 


T ’ 


and the overall efficiency is 


1- 

1 

i_ 

-1 

1 

_1 

L T n J 

r 


The first term in the product is necessarily less than the original efficiency since T' >T C , 
and the second temi is less than 1, and so the overall efficiency has been reduced. 

20 . 51 : a) The cylinder described contains a mass of air m = p(nd 2 / A)L, and so the total 
kinetic energy is K = p(i r/8 )d 2 Lv 2 . This mass of air will pass by the turbine in a time 
t = T/v, and so the maximum power is 

P = y = p(nl$)d 2 v\ 

Numerically, the product p air (7r/8 ) ~ 0.5 kg/m 3 = 0.5 W • s 4 /m 5 . 


b) v = 


í p ^ e ] 

1/3 

r (3.2x10 6 W)/(0.25) ^ 

y kd j 


[ (0.5 W • s 4 /m 5 )(97 m) 2 J 


1/3 


= 14 m/s = 50 km/h. 


c) Wind speeds tend to be higher in mountain passes. 



20 . 52 : a) (l05 km/h) 


r igan 

í lmi 1 

f 3.788 L^j 

v 25 mi y 

v 1.609 km y 

1 Igal J 


= 9.89 L/h. 

Km A 1 M ai J 

b) From Eq. (20.6), e = l- r l ~ y = 1 - (8.5)“ 040 = 0.575 = 57.5%. 
' 9.89 L/h ' 


c) 


3600 s/hr 


(0.740 kg/L)(4.60x 10 7 J/kg)(0.575) = 5.38 x 10 4 W = 72.1 hp. 


d) Repeating the calculation gives 1.4 x 10 4 W = 19 hp, about 8% of the maximum 
power. 



20.53: (Extra figures are given in the numerical answers for clarity.) a) The efficiency 
is e = 1 - r -0 ' 40 = 0.611, so the work done is Q H e = 122 J and | Q c |= 78 J. b) Denote the 
length of the cylinder when the piston is at point a by L 0 and the stroke as s. Then, 

= r, L, = -^s and volume is 

r 10 6 

L 0 A = - sA = —— (86.4x 10~ 3 m)7r(4 1.25x10" 3 m) 2 = 51.0xl0~ 4 m 3 . 

r-1 9.6 

c) The calculations are presented symbolically, with numerical values substituted at the 
end. At point a, the pressure is p a = 8.50 x 10 4 Pa, the volume is V a =5.10x10 4 nr' as 
found in part (b) and the temperature is T a =300 K. At point b, the volume is V b = Vjr, the 
pressure after the adiabatic compression is p b = p a r y and the temperature is T b = T a r y ~ x . 
During the buming of the fuel, ífom b to c, the volume remains constant and so 
V c -V b = V a /r. The temperature has changed by an amount 

AT= Qu - QH = RQu T 

nC v { Pa VjRT a )C v p a V a C v a 

(8.3145 J/molK)(20Qj) _ r = 

(8.50x10 4 Pa)(5.10xl0" 4 m 3 )(20.5J/moTK) “ J 

where/is a dimensionless constant equal to 1.871 to four figures. The temperature at c is 

then T c =T h + f T a = T a {r y ~ x + /). The pressure is found ífom the volume and 

temperature, p c = p ü r{r y ' + /). Similarly, the temperature at point d is found by 
considering the temperature change in going Ífom d to a, 

= (1 - e- (1 - e)f T a , so T d = T a (l + (1 - é) /).The process Ífom d to a is 
nC r nC r 

isochoric, so V d =V a , and p d = p a (1 + (1 - e )/). As a check, note that p d = p c r~ y . To 
summarize, 

p V T 

a P a K T a 

b pf Vjr T a r y - 1 

c p a r(r y ~ l +f) Vjr T a (r H + /) 

d p a {\+{\-e)f) V a T a {\ + (\-e)f) 


Using numerical values (and keeping all figures in the intermediate calculations), 



20 . 54 : (a) 


A£ 

At 



for fumace and water 


AS_ 

At 


^^fumace _|_ ^^water 


At 


At 


kAATlL kAAT/L 
--— +--— 


kAAT l 1 J_ 
(79.5 W/m-K) 


0.65m 


15 cm 


1 m 


100 cm 


(210K) 


1 

523 K 


1 ^ 

313 K y 


= +0.0494 J/K-s 


(b) AS > 0 means that this process is irreversible. Heat will not flow spontaneously from 
the cool water into the hot furnace. 



20 . 55 : a) Consider an infinitesimal heat ílow clQ u that occurs when the temperature of 
the hot reservo ir is 7': 


dQ c = -(T c / T')dQ u 
\dQ c =-T c \ 


Qc 



T C \AS U 


b) The 1.00 kg of water (the high-temperature reservo ir) goes ffom 373 K to 273 K. 

Q h = mcAT = (1.00 kg)(4190 J/kg ■ K)(l 00 K) = 4.19 x 10 5 J 

AS h = mc\w{T 2 /T x ) = (1.00kg)(4190 J/kg ■ K)ln(273/373) = -1308 J/K 

The resultof part (a)gives| Q c |= (273 K)(1308 J/K) = 3.57 x 10 5 J 

Q c comes out of the engine, so Q c = -3.57 x 10 5 J 

Then W = Q C + Q H = -3.57 x 10 5 J + 4.19x 10 5 J = 6.2 x 10 4 J. 

c) 2.00 kg of water goes ffom 323 K to 273 K 

Q h = mcAT = (2.00 kg)(4190 J/kg • K)(50 K) = 4.19 x 10 5 J 

AS h = mc 1 n(7), /7)) = (2.00 kg)(4190 J/kg ■ K)ln(273 / 323) = -1.41 x 10 3 J/K 
Q c - -T c AS h |=-3.85x10 5 J 
W = Q C + Q n = 3.4xl0 4 J 

d) More work can be extracted from 1.00 kg of water at 373 K than ffom 2.00 kg of 
water at 323 K even though the energy that comes out of the water as it cools to 273 K is 
the same in both cases. The energy in the 323 K water is less available for conversion 
into mechanical work. 


20 . 56 : See Figure (20.15(c)), and Example 20.8. 

a) For the isobaric expansion followed by the isochoric process, follow a path 
fromT to 27 to 7. Use d Q = nC v dT or d Q = nC p dT to get AS = nC p ln2 + nC v ln \ = 

n(C p - C Y ) ln2 = nR ln2. 

b) For the isochoric cooling followed by the isobaric expansion, follow a path ffom 
7 to 7/2 to 7. Then AS = nC v ln\ + nC p ln 2 = n(C p - C v ) ln = nR ln 2. 



20 . 57 : The much larger mass of water suggests that the final state of the system will be 
water at a temperature between 0°C and 60.0°C.This temperature would be 


T = 


\0.600 kg ^4190 J/kg • K)(45.0C o ) 

- (0.0500 kg)((2100 J/kg ■ K)(15.0C o ) 

v +334x10 3 J/kg) _ 

(0.650 kg)(4190 J/kg ■ K) 


34.83°C, 


keeping an extra figure. The entropy change of the system is then 

(307 98 ^ 

AS = (0.600 kg)(4190 J/kg ■ K)ln ~ ' 


318.15 


+ (0.0500 kg) 


(2100 J/kg ■ K) ln 
334x10 3 J/kg 


273.15 

258.15 


+ ■ 


273.15K 


+ (4190 J/kg ■ K) ln 


307.98 


= 10.5 J/K. 


v273.15 j 

(Some precision is lost in taking the logarithms of numbers close to unity.) 


20 . 58 : a) For constant-volume processes for an ideal gas, the result ofExample 20.10 
may be used; the entropy changes are nC v ln (T c /T h ) and nC v \n(TjT d ). b) The total 


entropy change for one cycle is the sum ofthe entropy changes found inpart (a); the 
other processes in the cycle are adiabatic, with Q = 0 and AS = 0. The total is then 


í rj-i rji 


AS = nC r ln — + nC v ln — = nC v lnl 

Tb T d \T a T d j 


Fromthe derivation ofEq. (20.6), T b = r x T a and 7/ = r’ l T d , and so the argument ofthe 
logarithm in the expression for the net entropy change is 1 identically, and the net entropy 
change is zero. c) The system is not isolated, and a zero change of entropy for an 
irreversible system is certainly possible. 



20.59: a) 



S 


b) From Eq. (20.17), dS = ^§~, and so dQ = T dS, and 

Q = \dQ = \TdS 

which is the area under the curve in the TS plane, c) Q H is the area under the rectangle 
bounded by the horizontal part of the rectangle at T H and the verticais. \Q C \ is the area 
bounded by the horizontal part of the rectangle at T c and the verticais. The net work is 
then Q h -\Q c I, the area bounded by the rectangle that represents the process. The ratio 
of the areas is the ratio of the lengths of the vertical sides of the respective rectangles, and 
the efficiency is e = -§-= T "~^ c . d) As explained in problem 20.49, the substance that 

mediates the heat exchange during the isochoric expansion and compression does not 
leave the system, and the diagram is the same as in part (a). As found in that problem, the 
ideal efficiency is the same as for a Camot-cycle engine. 

20.60: a) AS = f- = J/kg) - -143 J/K. 

b)A S = f = ^= (0 ' 160k ( s 2 73 3 1 4 s X K) 3 3/kS) = 196 J / K - 

c) From the time equilbrium has been reached, there is no heat exchange between the 
rod and its surroundings (as much heat leaves the end of the rod in the ice as enters at 
the end of the rod in the boiling water), so the entropy change of the copper rod is 
zero. d) 196J/K-143 J/K = 53 J/K. 






20.61: a) 


AS = rncHTjT') 

= (250 x 10" 3 kg)(4190 J/kg ■ K)ln(338.15 K/293.15 K) 

= 150 J/K. 

b) A S = ^= -(^x»>- 3 -«X4190^KK338. 1 5K-293.15K, = _ nQ j/r _ c) ^ ^ Qf ^ ^ Q f 

parts (a) and (b) is AS system = 30 J/K. d) Heating a liquid is not reversible. Whatever the 

energy source for the heating element, heat is being delivered at a higher temperature 
than that of the water, and the entropy loss of the source will be less in magnitude than 
the entropy gain of the water. The net entropy change is positive. 



20.62: a) As in Example 20.10, the entropy change ofthe fírst object is m x c^n(T/T and 
that ofthe second is m 2 c 2 \n(T'/T 2 ), and so the net entropy change is as given. Neglecting 


heat transfer to the surroundings, Q x + Q 2 = 0, m x c x {T - 7j) + m 2 c 2 (T' - 
given expression. b) Solving the energy-conservation relation for T' 
into the expression for AS gives 


AS = m x c jln| 


í rj,\ 

J 


+ m 2 c 2 ln 


í í 

í _üh£i 


\ m 2 C 2 V j 2 x 2 J) 

Differentiating with respect to T and setting the derivative equal to 0 

m,c, (m 2 c 2 )(m 1 c 1 / m 2 c 2 )(- \/T 2 ) 


T_ 

Ã" 




0 = 




+ - 


l-(m 1 Ci/m 2 c 2 ) 


' T 

.IT 

J 2 

T 

1 iJ) 


T 2 ) = 0, which is the 
and substituting 


gives 


This may be solved for 

m x c x T x + m 2 c 2 T 2 
m l c x + m 2 c 2 

which is the same as T' when substituted into the expression representing conservation 
of energy. 


Those familiar with Lagrange multipliers can use that technique to obtain the relations 

õT ÔT' 


ÔT ÔT 


and so conclude that T = T' immediately; this is equivalent to treating the differentiation 
as a related rate problem, as 

d 


dV 


-A S = ^ 


+ 


nuc-, dT' 

= 0 


r dT 


and using ^ = -£^7 gives T -T with a great savings of algebra. 

c) The final State of the system will be that for which no fiirther entropy change is 
possible. If T < T', it is possible for the temperatures to approach each other while 
increasing the total entropy, but when T = T\ no furthcr spontaneous heat exchange is 
possible. 




Combining the above results, 

f T y 

P d V d =P a V a -f r^ 

Subsitution of the above results into Eq. (20.4) gives 



1 f (5.002)r~° 56 -l ~ 

1 .41_ (3.167)-r 0 ' 40 J’ 

where y- = 3.167, y = 1.4 have been used. Substitution of r = 21.0 yields 
e = 0.708 = 70.8%. 




Capítulo 21 



21 . 1 : 


m lead = 8.00 g and charge = -3.20 x 10 9 C 


a) n e = 


-3.20 x 10 C 
-1.6x10 19 C 


= 2.0 x IO 10 . 


b) « lead = N a x = 2.33 x 10 22 and -^- = 8.58 x IO 13 


207 


f lead 


21.2: current = 20,000 C/s and t = 100 /us = 10 4 s 
Q= It = 2.00 C 

Q _1 Tc w 1 nl 9 


n. = 


1.60 xlO' 19 C 


= 1.25 x 10 . 


21.3: The mass is primarily protons and nêutrons of m = 1.67 x 10 27 kg, so: 
_ 70.0 kg _ A 1 fl w 1 a2B 


n 


p and n 


1.67 x 10 kg 


= 4.19 x 10 


About one-half are protons, so n p = 2.10 x 10 2S = n e and the charge on the electrons 
givenby: 0 = (1.60x10 19 C) x (2.10 x 10 2S ) = 3.35 x 10 9 C. 


21.4: Mass of gold = 17.7 g and the atomic weight of gold is 197 g/mol. So the 
number of atoms N A x mol = ( 6.02 x 10 23 ) x ( 19 1 7 7 g 7 /moi ) = 5.41 x 10 22 . 

a) n v =79x5.41 xlO 22 =4.27 xlO 24 

q = n p x 1.60 xlO ' 19 C = 6.83 xlO 5 C 

b) n e - n p = 4.27 x 10 24 . 

21.5: 1.80 mol = 1.80 x 6.02 x 10 23 H atoms = 1.08 x 10 24 electrons. 
charge =-1.08 xl0 24 x 1.60x 10 19 C =-1.73 xlO 5 C. 

21.6: First fmd the total charge on the spheres: 

F = — ^ => q = Mne.Fr 2 = Mne Q (A.51 x 10“ 21 )(0.2 ) 2 =1.43xl0 ^ 16 C 
4tt £ 0 r~ 

And therefore, the total number of electrons required is 
n = q/e = 1.43 x 10 16 C/l .60 x 1 0 ' 19 C = 890. 



21.7: a) Using Coulomb’s Law for equal charges, we find: 


F = 0.220 N = 


1 


q 


4ns 0 (0.150111)" 


q = 


yj5.5 x 10' 13 C 2 = 7.42 X IO 7 C. 


b) When one charge is four times the other, we have: 

1 4 q 2 


F = 0.220 N = ■ 


47re 0 (0.150 111 )" 


q = 


Jl.375xl0~ 13 C 2 = 3.71 x 10^ 7 C 


So one charge is 3.71 x 10 7 C, and the other is 1.484 x 10 6 C. 


21.8: a) The total number of electrons 011 each sphere equals the number of protons. 

n a T 0.0250 kg .. ln2 4 

n e - n p = 13 x N Ã x —-— 7 = 7.25 x 10. 


0.026982 kg/mol 
b) For a force of 1.00 x 10 4 N to act between the spheres, 


F = 10 4 N = ■ 


J_ £ 

4tt£ 0 r 2 


q = ^4 7ts 0 (10 4 N) (0.08 m) 2 = 8.43 x 10 4 C. 


n' e =q/e = 5.27 x 10 


15 


c) 77 ' is 7.27 x 10 10 of the total number. 


21.9: The force of gravity niust equal the electric force. 


mg = 


1 q 2 


4 ns 0 r 


r 2 = 


1 


(1.60x10 19 C) 2 


47T£ 0 (9.11x 10 31 kg)(9.8m/s) 


= 25.8 111 " => r = 5.08 m. 


21 . 10 : a) Rubbing the glass rod removes electrons from it, since it becomes positive. 
7.50 nC = (7.50 x 10 9 C) (6.25 x 10 18 electrons/C) = 4.69 x 10 10 electrons 

(4.69 x 10 10 electrons) (9.11 x 10 31 kg/electron) = 4.27 x 10 _2 ° kg. 

The rods mass decreases by 4.27 x 10 2(1 kg. 

b) The number of electrons transferred is the same, but they are added to the mass of 
the 

plastic rod, which increases by 4.27 x 10 20 kg. 




21.15: F 2 and F 3 are both in the +x-direction. 

F 2 =k \—= 6.749 xl(T 5 N, F 3 = k^-= 1.124x 1(T 4 N 
r f 2 r B 

F = F : + F 3 = 1.8 x 10 4 N, in the + x-direction. 



21.16: F 2] 


(9 x 10 9 N -m 2 /C 2 ) (20. x 10" 6 C) (2.0x10^ 
(0.60m) 2 


F Q1 is equal and opposite to F iQ (Ex. 21.4), so 
(Fj, =-0.23 N 

Overall: 

F x = -0.23 N 

F y = 0.100 N +0.17 N = 0.27 N 

The magnitude of the total force is -J(0.23 N) 2 + (0.27 N)' = 
the force, as measured lf om the +y axis is 

6= tai-T 1 — = 40° 

0.27 


21.17: F 2 is in the + x - direction. 

I q x q 2 \ 

F 2 =k-—y^ = 3.37 N, soF 2x =+3.37 N 


F x ~ F 2x + ^3x an d F x = -7.00 N 

F 3x =F x -F 2x = -7.00 N -3.37 N = -10.37 N 


For F 3x to be negative, q 3 must be on the -x-axis. 

= 0.144 m, so x 




F 3 = k - soixi = 

X 


k\ 


q x q 3 


= 0.100 N 


0.35 N. The direction of 


= -0.144 m 




21.18: The charge t/ 3 must be to the right of the origin; otherwise both q 2 and q, would 
exert forces in the + x direction. Calculating the magnitude of the two forces: 

1 q x q 2 _ (9xl0 9 N-m 2 /C 2 )(3.00xl0- 6 C)(5.00xlQ- 6 C) 

21 4 ns 0 ;,2 (0.200 m) 2 

= 3.375 N in the + x direction. 



21.19: F = F l + F 2 and F = F 2 + F í since they are acting in the same direction at 
y = - 0.400 m so, 


J_ ,5.00xlO"’ C)í 150xir,C + 3 - 20xl °" C ] 
4 tt£ 0 [ (0.200 m) 2 (0.400 m) 2 


2.59 x 10 6 N downward. 


21.20: F = F x + F 2 and F = F l - F 2 since they are acting in opposite directions at 
x = 0 so, 


— (6.00x 10- C)í 4 -°° xir,C + 5 00xir, 2 C ] 
47re 0 ^ (0.200 m) 2 (0.300 m) 2 J 


2.4 x 10 6 N to the right. 



21 . 21 : a) 



b) /•; O./-; 

c) At x = 0, F v 


n, 1 <70 • /, 1 2 (? 0 « 

2- / , sm 0 - , , 

Ane ü ( a + x ) Ane 0 (a +x 

1 2qQ . . 

- -— m the + v direction. 

4ne 0 a 


d) 



3/2 






















21.22: a) 



b) F x 


2 1 q<2 

4ne 0 ( a 2 + x 2 ) 


cos 6 


1 ~2 qQx 

4ns Q (a 2 + x 2 ) 3/2 ’ y 


0 


c) At x = 0, F= 0. 

d) 



21 . 23 : 



b) F = 


4ns 0 2 L 


■ + 


yÍ2- 


4ne 0 L 


(1+2V2U 


4ns 0 2 L 


at an angle of 45° below the 


positive x-axis 


21 . 24 : a) E 


1 q 1 (3.00 x 1(T 9 C) 

4 ne Q r 2 4ks 0 (0.250 m) 2 


432 N/C, down toward theparticle. 


b) E = 12.00N/C 


h (3-ooxio;c) =L50m 

4 xs 0 r 2 ] 4 tt£ 0 (12.0 N/C) 












21.25: Let +x-direction be to the right. Find a x : 

v 0x = +1.50 x 10 3 m/s, v x = -1.50 x 10 3 m/s, t = 2.65 x 10~ 6 s, a x = ? 
v x = v 0x + a x t gives a x = -1.132 x 10 9 m/s 2 
F x = ma x = -7.516 x 10“ 18 N 

F is to the left (- x - direction), charge is positive, so E is to the left. 
E = F/q = (7.516 x 10 18 N)/[(2)(1.602 x 10“ 9 C)] = 23.5 N/C 


21 . 26 : (a) x = \at 2 

_ 2x _ 2(4.50 m) 

a ~ t 2 ~ (3.00 x IO' 6 s) 2 


l.OOxlO 12 m/s 2 


e _ f _ ma _ (9.11 x 10~ 31 kg) (1,00 x 10 12 m/s 2 ) 
~ q~ q 1.6x10 19 C 

= 5.69 N/C 


The force is up, so the electric field must be downward since the electron is negative. 
(b) The electron’s acceleration is ~ 10" g, so gravity must be negligibly small 
compared to the electrical force. 


21 . 27 : a) \q\E = mg => \q\ 


(0.00145 kg) (9.8 m/s 2 ) 
650 N/C 


b) qE = mg => E 


(1.67 x 10~ 27 kg) (9.8 m/s 2 ) 
1.60 x10~ 19 C 


2.19 x 10 5 C, sign is negative. 


1.02x10 7 N/C, upward. 


21 . 28 : a) 


b) 


1 q_ 1 (26 x 1,60 x 10~ 19 C) 

4ne 0 r 2 4ns 0 (6.00 x 10 19 m) 2 

_ _l_ q_ _ J_ (1.60xl0~ 19 C) _ 
pioton 4 tt£ 0 r 2 4tt£ 0 (5.29 x 10 -11 m) 2 


= 1.04x10“ N/C. 
5.15x10“ N/C. 


21 . 29 : a) q = -55.0 x 10 6 C, and F is downward with magnitude 
6.20 x 10~ 9 N. Therefore, £' = F/^ = 1.13xlO“ 4 N/C, upward. 

b) If a copper nucleus is placed at that point, it feels an upward force of magnitude 
F = qE = { 29) T.6xlO“ 19 C-1.13x10"* N/C = 5.24 x IO" 22 N. 



21 . 30 : a) The electric field of the Earth points toward the ground, so a NEGATIVE 
charge will hover above the surface. 

(60.0 kg) (9.8 m/s") 


mg = qE => <7 = 


b) F = 


1 


4tt £ 0 r 


150 N/C 

\2 
\2 


= -3.92 C. 


1 (3 92 Cr 

- 1 -—- = 1.38 x 10 7 N. The magnitude of the charge is 

4 7T£ 0 ( 100.00 m ) 2 


too great for practical use. 


21 . 31 : a) Passing between the charged plates the electron feels a force upward, and just 
misses the top plate. The distance it traveis in the y-direction is 0.005 m. Time of ílight 


= t = 


1.60 xKf m /s 


= 1.25 x 10 s s and initial y-velocity is zero. Now, 


y = v 0y t + \at 2 so 0.005 m = ya(1.25 x 10 8 s) 1 => a = 6.40 x 10 13 m/s 2 . But also 


a = — = — => E = 


(9.11 xlO^ 31 kg)(6.40 x 10 13 m/s~ ) _ 


= 364 N/C. 


b) Since the proton is more massive, it will accelerate less, and NOT hit the plates. 
To fmd the vertical displacement when it exits the plates, we use the kinematic equations 
again: 

1 1 tt* 

y = -at 2 =- —(1.25xl0^ 8 s ) 2 =2.73xl0 ' 6 m. 

2 2 m v 

c) As mention in b), the proton will not hit one of the plates because although the 
electric force felt by the proton is the same as the electron felt, a smaller acceleration 
results for the more massive proton. 

d) The acceleration produced by the electric force is much greater than g; it is 
reasonable to ignore gravity. 



(-2.813 x1o 4 N/C )j 


21 . 32 : a) 

- q ! (9xl0 9 N-m 2 /C 2 )(-5.00xl0 ~ 9 C) 

Ane 0 i\ (0.0400 m ) 2 

= %= ( 9 xl0’N.mVC-)a00xl0^O =lj0gxl04N 
r 2 (0.0300m)‘ + (0.0400 m ) 2 

The angle of É 2 , measured from the x - axis, is 180 - tan = 126.9° Thus 

É 2 = (1.080 x 10 4 N/C) (/ cos 126.9° + j sin 126.9°) 

= (-6.485xl0 3 N/C) / + (8.64xlO 3 N/C) j 

b) The resultant field is 

Ê 1 +Ê 2 =(- 6.485 x 10 3 N/C) / + (- 2.813 x 10 4 N/C + 8.64 x 10 3 N/C) j 
= (-6.485x1o 3 N/C)/-(1.95 xlO 4 N/C) j 


21.33: Let + x be to the right and + y be downward. 

Use the horizontal motion to find the time when the electron emerges from the 
field: 

x - x 0 = 0.0200 m, a x = 0 , v 0x = 1.60 x 10 6 m/s ,t = ? 


x - x 0 = v 0x t + \a x t 2 gives t = 1.25 x 10 8 s 
v x = 1.60 x 10 6 m/s 

y - To = 0.0050 m, v 0y = 0, t = 1.25 x IO -8 s, v v 


y-y o = 


'Voy + V 


t gives v = 8.00 x 10 5 m/ 


v = • \j v l + V v = 1-79 x 10 6 m/s 


- ? 

s 


21.34: a) É = -11 n/c/ +14 n/c/, so E = ^(-11 ) 2 + (14) 2 =17.8 N/C. 

0 = tan -1 ( —14/11) = — 51.8°, so d = 128° counterclockwise from the x-axis 
b)F = É q so F = (17.8 N/C) (2.5 x 10 9 C) = 4.45 x 10 8 N, i) at -52° (repulsive) 
ii) at +128° (repulsive). 



21.35: a )F g = m e g = (9.11 x IO" 31 kg) (9.8 m/s 2 ) = 8.93 x 10 ^ 30 N. F e =eE = 
(1.60 x 10 19 C) (1.00 x 10 4 N / C) = 1.60 x 10 15 N. Yes, ok to neglect F g 
becauseA e » F. 

b) E = 10 4 N/C => F e = 1.6 x 10 15 N = mg => m = 1.63 x 10 ~ 16 kg 

=> m = 1.79 x 10 14 m e . 

c) No. The field is uniform. 


21 . 36 : a) 



}_e^ t i E _ 2(0,0160 m) (1,67 x 10 27 kg) 
2/ n p ^ ~ (1.60 x IO ' 19 C) (1.50 x10 6 í ) 2 


e E 

b) v = v 0 + at =- 1 = 2.13 x 10 4 m/s. 

m 


148 N/C. 


21.37: a) tan 1 
c) tan -1 


r -1.35 a 


= -^,= r-j b) tan 1 


12 ^ n „ yÍ2, yÍ2 


.2 


= —,r = - 1 + - j 

4 2 2 


A 2.6 A 


+ 1.10 


= 1.97 radians = 112.9°, f = - 0.39/ + 0.92 j (Second quadrant). 


21 . 38 : a) E = 614 N/C, F = qE = 9.82 x 10 ' 17 N. 

b) F =e 2 14ns 0 (1.0 x IO 10 ) 2 = 2.3 x IO " 8 N. 

c) Part (b) » Part (a), so the electron hardly notices the electric field. A person 
the electric field should notice nothing ifphysiological effects are based solely on 
magnitude. 



21.39: a) Let+x be east. 

E is west and q is negative, so F is east and the electron speeds up. 
F x =\q\E = (1.602 x IO' 19 C) (1.50 V/m) = 2.403 x 10^ 19 N 
a x = Fjm = (2.403 x 10 19 N)/(9.109 x 10" 31 kg) = + 2.638 x 10 11 m/s 2 
v 0x = + 4.50 x 10 5 m/s, a x - + 2.638 x 10 11 m/s 2 , x - x 0 = 0.375 m, v x = ? 
v x ~ v ov + 2 a x (x - x 0 ) gives v x = 6.33 x 10 5 m/s 

b) q > 0 so F is west and the proton slows down. 

F x = -1 q | E = - (1.602 x 10^ 19 C) (1.50 V/m) = - 2.403 x 10~ 19 N 
a x - F x / m-( - 2.403 x 10" 19 N)/ (1.673 x 1 0" 27 kg) = -1.43 6 x 10 8 m/ s 2 
v 0x = +1.90 x 10 4 m/s ,a x = -1.436 x 10 8 m/s 2 , x - x 0 = 0.375 m, v x = ? 
v 2 x = v 2 o.v + 2a x (x - x 0 ) gives v x = 1.59 x 10 4 m/s 


21 . 40 : Point charges q x (0.500 nC) and q 2 (8.00 nC) are separated by x = 1.20 m. The 
electric field is zero when E x - E 2 => - fi ^ => q 2 r 2 = q { ( 1.2 - r x ) 2 = 

q x r 2 - 2q l (1.2)^ + 1.2 2 ^j => ( q 2 - q x )r 2 + 2{\2)q x r l - (1 .2) 2 q x = 0 or 7.5/f + 1.2 1 \ - 0.72 
r x = + 0.24, - 0.4 r x = 0.24 is the point between. 



21.41: Two positive charges, q , are on the x-axis a distance a from the origin. 

a) Halfway between them, E = 0. 

r r f \ 

1 q q , , 

- -v-v , \x\<a 

4ne 0 ^ (a + x) (a - x) ) 

1 ( \ 

b) At any position x, E = < - -——- H-— — j , x > a 

47T£ 0 ^ (a + x) (a - x) J 

r í ^ 

-1 q q 

- -rt- 2 ■> x<~a 

4ns 0 ^ (a + x) (a - x) y 

For graph, see below. 



21 . 42 : The point where the two fields cancel each other will have to be closer to the 
negative charge, because it is smaller. Also, it cant’t be between the two, since the two 
fields would then act in the same direction. We could use Coulomb’s law to calculate the 
actual values, but a simpler way is to note that the 8.00 nC charge is twice as large as the 

-4.00 nC Charge. The zero point will therefore have to be a factor of yfí farther from the 
8.00 nC charge for the two fields to have equal magnitude. Calling x the distance from 
the -4.00 nC charge: 

f .20 + x = VZx 


x = 2.90 m 



21 . 43 : a) Point charge q ] (2.00 nC) is at the origin and q 2 ( - 5.00 nC) is at 
x = 0.800 m. 


i) At x = 0.200 m, E 


ii) At x = 1.20 m, E 


k\q x \ | k\q 2 1 

(0.200 m) 2 (0.600 m) 2 


575 N/C right. 


k \q 2 1 ! k \<h I 

(0.400 m) 2 (1.20 m) 2 


269 N/C left. 


iii) At x = - 0.200 m ,E- 


k \<h\ 


+ 


k \q 2 1 


= 405 N/C left. 


(0.200 m) 2 (1.00 m) 2 

b) F = -eE i) A = 1.6 x 10~ 19 C -575 N/C = 9.2 x 10 -17 N left, ii) F = 

1.6 x IO' 19 C • 269 N/C = 4.3 x 10 17 N right, iii) F = 1.6 x IO 19 ■ 405 = 6.48 x 10 17 N right. 


21 . 44 : A positive and negative charge, of equal magnitude q , are on the x-axis, a 
distance a fforn the origin. 

1 2 

a) Halfway between them, E = —- j, to the left. 


4ns 0 a 


b) At any position x,E = 


1 

f 

-q 


\ 

q 

4 ne 0 

M 

+ x) 2 

(a 

- x) 2 y 


f 



X 

1 


-q 

_| _ 

q 

4ns 0 

M 

+ x) 2 

\ 

(Cl 

-x) 2 y 


f 



X 

1 


-q 


q 

4ns 0 

M 

+ x) 2 

(a 

-x) 1 y 


\x\<a 


x > a 


x < -a 



with “+” to the right. 

This is graphed below. 



21 . 45 : a) At the origin, E = 0. 
b) At x = 0.3 m, y = 0 : 


E = 


(6.00x10 9 C) 


4n£, 


1 


■ + ■ 


1 


(0.15 m) (0.45 m) 


i = 2661i N/C. 


c) At x = 0.15 m, v = -0.4 m: 


E = 


(6.00x10 9 C) 


4ne. 


■1 


J + 


1 


0.3 í 

-* 


1 


0.4 ' 

J 


(0.4 m) (0.5m) 0.5 (0.5 m) 2 0.5 


=í> É = (129.6/ - 510.3 j) N/C => E = 526.5 N/C and 6 = 75.7° down from the x-axis. 

( o 2 ^ 

2(6.00x10 9 C) - 1 • 


d) x = 0, y = 0.2 m: E = 


1 


0.25 


4ne n 


(0.25 m) 2 


= 1382y N/C 


21 . 46 : Calculate in vector formthe electric field for each charge, and add them. 


£ =—!-( 6 00x10 . O / = —150/ N/C 


4ns 0 (0.6 m) 


E = 


-1 

4 ns n 


(4.00x10 9 C) 


1 


(1.00 in)' 


(0.6)* + 


--- t ( 0-8) j 

(1.00 m) 2 j 


= 21.6/ +28. 8j N/C 


E = V(128.4) 2 + (28.8) 2 =131.6 N/C, at 0 = tan" 1 ) = 12.6° up from 


-x axis. 


21 . 47 : a) At the origin, E = - / 2(6 f | X J Q / * / = -4800/ N/C. 


b) At x = 0.3 m, y = 0: 
1 


£ = 


4^e, 


(6.0x10 9 C) 


4?re 0 (0.15 m) 

1 1 


(0.15 m) 2 (0.45 m) 2 


/ =2133/ N/C. 


c) At x = 0.15 m, y = -0.4 m : 


E = 


1 


4 K£r 


(6.0x10 9 C) 


■1 


1 


0.3 - 
-| + ■ 


1 


0.4 ~ 

:J 


v (0.4 m y (0.5 m) 0.5 (0.5 m) 2 0.5' , 

É = (-129.6/ -164.5 j) N/C E = 209 N/C and 0 = 232° clockwise from 
+ x - axis. 

1 2(6.00 x 10 -9 C) (f|f) 


d) x = 0 ,y = 0.2 m : E =0, E = 


4?re n 


(0.25 m) 2 


= -1037/ N/C 



21 . 48 : For a long straight wire, E 


1.08 m. 


X 1.5 x IO 10 C/m 

2 KS Q r 2ns 0 (2.5 N/C) 


21 . 49 : a) For a wire of length 2 a centered at the origin and lying along the y-axis, the 
electric field is given by Eq. (21.10). 


E = 


_\_ _ X , 

2?re 0 x^x 2 /a 2 + \ 


b) For an infinite line of charge: 



2 7T£ 0 X 

Graphs of electric field versus position for both are shown below. 



21 . 50 : For a ring of charge, the electric field is given by Eq. (21.8). 
1 Qx 


a) E = 


,2x3/2 


so with 


4 ne 0 (x + a ) 

Q = 0.125 x 10~ 9 C, a = 0.025 m and x = 0.4 m => É = 7.0/ N/C. 


b) F onnng =-F onq = - q É = -(- 2.50 x 10' 6 C) (7.0/ N /C) = 1.75 x 10 5 i N. 








21 . 51 : For a uniformly charged disk, the electric field is given by Eq. (21.11): 



The x -component of the electric field is shown below. 



0.00 I-=---• 

0.00 1.00 2.00 3.00 4.00 


x 


21 . 52 : The earth’s electric field is 150 N/C, directly downward. So, 
E = 150 = - f7 — => a = 300e 0 = 2.66 x 10~ 9 C/m 2 , and is negative. 


21 . 53 : For an infinite plane sheet, E is constant and is given by E = - directed 

2s 0 

perpendicular to the surface. 


cr = 2.5 x 10 6 


1.6 x 10 — • 

e ) 


19 C 100 cm 


= - 4 X IO 9 —r 


4x10 9 Tr 

so E = -— = 226 N/C directed toward the surface. 

2e n 


21 . 54 : By superposition we can add the electric fields from two parallel sheets of charge. 

a) E = 0. 

b) E = 0. 

c) E = 2-^— = —, directed downward. 

2 SE 
z ' c 0 c 0 










21 . 55 : 


(a) 


A 




+a 







21 . 56 : The field appears like that of a point charge a long way frorn the disk and an 
infmite plane close to the disk’s center. The field is symmetrical on the right and left (not 
shown). 




21 . 57 : An infinite line of charge has a radial field in the plane tlirough the wire, and 
constant in the plane of the wire, mirror-imaged about the wire: 

Cross section tlirough the wire: Plane of the wire: 



Length of vector does not depend on angle. Length of vector gets shorter at 

points further away from wire. 


21 . 58 : a) Since field lines pass lfom positive charges and toward negative charges, we 
can deduce that the top charge is positive, middle is negative, and bottom is positive. 

b) The electric field is the smallest on the horizontal line tlirough the niiddle charge, 
at two positions on either side where the field lines are least dense. Here the y- 
components of the field are cancelled between the positive charges and the negative 
charge cancels the x-component of the field from the two positive charges. 


21 . 59 : a) p = qd => (4.5 x 10 9 C)(0.0031 m) = 1.4 x 10 11 C • m, in the direction froni 
and towards q 2 . 

b) If E is at 36.9°, and the torque r = pEúruj), then: 

E _ t _ 7.2 x 10~ 9 N • m 

psin</> (1.4 x 10~ n C • m) sin 36.9° 


856.5 N/C. 



m. 


21 . 60 : a) d = p/q = (8.9 x 10~ 30 C • m)/(1.6 x IO" 19 C) = 5.56 x 10' _11 
b) r max = pE = (8.9 x 1(T 30 C• m)(6.0 x 10 5 N/C) = 5.34 x 10^ 24 N ■ m. 
Maximum torque: 


Na 

O 


o 

Cl 


► 


21.61: a) Changing the orientation of a dipole from parallel to perpendicular yields: 
AU = U f -U i = - (piscos 90° - pE cos0°) = + (5.0 x IO -30 C •m)(1.6x 10 6 N/C) = 

+ 8 x IO -24 J. 


b) -<-r = 8xio' i4 j=»r= 2(8xl0 ; J) 

2 3(1.38 x 10 3 J/K) 


= 0.384 K. 


21.62: dipole W — 


2ne 0 x 


^dipoie (3-00 x 10 m) = 


,- 9 ^_ 6.17x1o- 30 C-m =4n 


2ti: 8 0 (3.0 x 10 m) 


x 10 6 N / C. The electric force 

F = qE = (1.60 x IO 19 C)(4.11 x 10 6 N/C) = 6.58 x 10 13 N and is toward the water 
molecule (negative x-direction). 


21.63: a) 


1 


1 


(y + d/2) 2 -(y-d/2) 7 


2 yd 


(y-d/2) 2 (y + d/2) 2 
q 2 yd _ qd 


(r 


=> E v = , , 

y a í _.2 j2 


y 


' d 2 / 4 ) 2 
P 


(y 2 -d 2 /4) 2 


4tts 0 (y - d- /4 ) 2 ns 0 (y -d 7 4) 2 ne 0 y ' 

b) This also gives the correct expression for E since y appears in the fiill 
expression’s denominator squared, so the signs carry through correctly. 



21 . 64 : a) The magnitude of the field the due to each charge is 

i í i 

E _ i q _ q _ [ 

47te 0 r 2 4ns 0 y (d / 2) 2 + x 2 ) J ’ 

where d is the distance between the two charges. The x-components of the forces due to 
the two charges are equal and oppositely directed and so cancel each other. The two 
fields ha ve equal y-components, so: 

p 2 q ( 1 V 

4ns 0 y(d/2y + x J 

where 0 is the angle below the x-axis for both fields. 

• „ d/2 


sin# = 


j{d /2) 2 + X 2 


Eáipok ){(d/2) 2 + x 2 /2) 2 + x 2 ) 4xs 0 ((d/2) 2 + x 2 ) 3 ' 2 

The field is the —y directions. 


b) At large x, x 1 » (d/2) 2 , so the relationship reduces to the approximations 

Z7 .. d d 


^ dipole 4ne 0 x 3 


21 . 65 : 


The dipoles attract. 



Opposite charges are closest so the dipoles attract. 




21.66: a) 


©-*-© ©-*-© E 

The torque is zero when p is aligned either in the same direction as E or in the 
opposite directions 

b) The stable orientation is when p is aligned in the same direction as E 

c) 




21 . 67 : 



sintf = 1.50/2.00 so 6 = 48.6° 
Opposite charges attract and like charges repel. 

F = F + F =0 

1 x 1 lx T 1 2x u 

F t - = ^ ^' 00x 10-6 c )( 10 0 x 10-6 c ) _ i j24x 10 3 N 

r 2 (0.0200 m) 2 

F ly = -F l sin0 = -842.6 N 

F ly - -842.6 N so F y = F ly + F ly = -1680 N 

(in the direction ftom the + 5.00 - juC charge toward the - 5.00 - juC charge). 

b) 


A 

1.50 


The y - components have zero moment arm and therefore zero torque. 
F lx and F 2x both produce clockwise torques. 

F lx = Fj cos^ = 743.1 N 
r = 2(F lv )(0.0150 m) = 22.3 N • m, clockwise 





21 . 68 : a) F n = + 


1 

M 3 

47T£ 0 

2 

r !3 


cos 6i + 


1 

Mi 

47T£ 0 

2 


sin Qj 


^F u = + 


1 (5.00 nC)(6.00 nC) 4, + 1 


(5.00 nC)(6.00 nC) 3 


4ns 0 ((9.00 + 16.0) x 10 4 m) 5 4tts 0 ((9.00 + 16.0) x 10" 4 m) 5 


J 


=> F u = +(8.64 x 10~ 5 N)i + (6.48 x IO' 5 N)y. 
Similarly for the force ífom the other charge: 


^ 23 =' 


-1 q 2 q 3 -1 (2.00 nC)(6.00 nC) ~ 


4tt£ 0 r 2 3 ^ 4 tt£ 0 (0.0300 m) 2 

Therefore the two force components are: 


j = -(1-20 x 10 N)j 


F. =8.64x 10 5 N F = 6.48 x 10^ 5 -12.0 x 10 5 =-5.52 x 10^N 


b) Thus, F = ijF x 2 +F v 2 = V(8.64xl0^ 5 N) 2 +(-5.52xl0“ s N) 2 =1.03 x 10 4 N, and 
the angle is 0 = arctan(F v /F v ) = 32.6, below the x axis 


21 . 69 : a) F = 


1 


qQ 


1 


qQ 


1 qQ 


4ne 0 (a + xf 4ne 0 (a - xY 


4tt£ 0 a ' 


1 


1 


(1 + x/aY (1 — x/aY 


F 


11 4tt£ 0 a 


1 -22 (1 _ 2 í..._ a+2 +., ))= j_ie 

47T £ 0 úf 


a a 

the equation of a simple harmonic oscillator, so: 


( x\ 

-4- 


( qQ \ 

3 

V a) 


i ^7C£qCI j 


x. But this is 


co = 2 Tzf = 


i 


qQ 


1 


=>/ = — 


qQ 


27T v nm £ n a 


kqQ 

mn 2 a 3 


b) If the charge was placed on the y-axis there would be no restoring force if q and 
Q had the sarne sign. It would move straight out ífom the origin along the y-axis, since 
the x-components of force would cancel. 


21 . 70 : Examining the forces: X F x =T sin f) - F e = 0 and X F = T cos 6- mg = 0. 


So 


mg sin 9 


„ ■ = F p = But tan 0 « 4t '■ 

cos 0 e d 2 2Z, 


d 3 = 


2 kq 2 L 


d = 


rL ) 

K 2xe 0 mg I 


1/3 



21 . 71 : a) 



t t 

mg mg 

b) Using the same force analysis as inproblem 21 . 70 , we find: 
cf = 4 7rs 0 d 2 mg tan 6 and 

d = 2 ■ (1.2)sin25 => q = ^47re 0 (2 • (1.2) ■ sin25°) 2 tan25°(0.015 kg)(9.80 m/s 2 ) => q = 
2.79 x 10’ 6 C. 

c) From Problem 21.70, mg tan 6 = 

sinS = *- =* ta.0 -_- (^9xlO»Nnr/C)(2.79xlO-»cr 

2Z mg(2L)~ sin" 6 4(0.6m) (0.015 kg)(9.8 m/s )sin “(9 

Therefore tan (9 = -^f 1 . Numerical solution of this transcendental equation leads to 

sin 6 A 

6 = 39.5°. 


21.72: a) Free body diagram as in 21.71. Each charge still feels equal and opposite 
electric forces. 

b) T - mg /cos 20° = 0.0834 N so F e =T sin20° = 0.0285 N = ( Note: 

r i 

r x = 2(0.500 m)sin20° = 0.342 m.) 

c) Frompart(b), q x q 2 = 3.71xl0~ 13 C 2 . 

d) The charges on the spheres are made equal by connecting them with a wire, but 
we still have F c = mg tan 6 = 0.0453 N = where Q = But the separation r 2 is 

known: r 2 = 2(0.500 m) sin30° = 0.500 m.Hence: Q = ^y 2 - = yjAne 0 F e r 2 2 
= 1.12 x 10 6 C. This equation, along with that from part (b), gives us two equations in 
q x and q 2 . q x + q 2 = 2.24 x 10~ 6 C and q x q 2 = 3.70 x 10~ 13 C 2 .By elimination, substitution 
and after solving the resulting quadratic equation, we find: q x = 2.06 x 10 6 C and 
q 2 = 1.80 x 10~ 7 C. 



21 . 73 : a) 0.100 mol NaCl => m Na = (0.100 mol)(22.99 g/mol) = 2.30 g 

=> m cl = (0.100 mol)(35.45g/mol) = 3.55 g 
Also the number of ions is (0.100 mol)/V A = 6.02x 10 22 so the charge is: 
q - (6.02 x 10 22 )(1.60 x 10 19 C) = 9630 C.The force between two such charges is: 
1 q 2 _ 1 (9630) 2 


F = 


Ane 0 r~ 


= 2.09 x 10 N. 


4tt£ 0 (0.0200 m) 2 

b) a=F/m = (2.09x 10 21 N)/(3.55x 10^ 3 kg) = 5.89x 10 23 m/s 2 . 

c) With such a large force between them, it does not seem reasonable to think the 
sodium and chlorine ions could be separated in this way. 


21 . 74 : a) F 3 =4.0xl0~ 6 N = 


kq^h 


+ 


kq 2 q^ 


= kq- 


^(2.5x10 9 C) 4.5 xlO 9 


(-0.3 m) 


(+0.2 m) 2 


J 


ch = 


4.0x10 6 N 


= 3.2 nC. 


(1262 N/C) 

b) The force acts on the middle charge to the right. 

c) The force equals zero if the two forces from the other charges cancel. Because of 
the magnitude and size of the charges, this can only occur to the left of the negative 

kq x kq 2 


charge q 2 . Then: F u = F 


23 


- where x is the distance 


(0.300-x) 2 (-0.200-x) 2 

from the origin. Solving for x we fmd: x = -1.76 m. The other value of x was between 
the two charges and is not allowed. 



21 . 75 : a) 


F = + 


1 g(3g) 

4tts 0 (Z/V2) 2 


—-——toward the lower the left charge. The other 
4 7T£ 0 Z 2 6 


two forces are equal and opposite. 

O 


9 



9 9 



b) The upper left charge and lower right charge have equal magnitude forces at right 
angles to each other, resulting in a total force of twice the force of one, directed toward 
the lower left charge. So, all the forces sum to: 


F = ■ 


1 


4 ne n 


q(3q)j2 q(3q) 


Z 2 


+ 


(V2Z) 2 


q 


4ns 0 L 


3V2 


+ ■ 


N. 


21 . 76 : a) E(p) = 


4 7T£ n 


- + - 


2 q 

2 


b) E(p) = 


1 q 


4ns 0 y 


Ut-«) (y + a) y ) 

((1 - a /y)~ 2 + (1 + a/yy 2 - 2). Using the binomial 


E(p) 


1 q 


4ne 0 j 


1 4 


2 a 3F 


■ + ■ 


2 a 3a' 


+ ... + 1-: + 


+ •••-2 


y y 


y y 


Note that a point charge drops off like —- and a dipole like 

y y 


expansion: 

1 6 qa : 

4ne 0 y 4 




21 . 78 : a) 20.0 g carbon => — ^ — = 1.67 mol carbon =^> 6(1.67) = 10.0 mol 

12.0g/mol 

electrons => q = (10.0)A a (1.60 x 10~ 19 C) = 0.963 x 10 6 C. This much charge is placed at 


the earth’s poles (negative at north, positive at south), leading to a force: 


1 q 2 _ 1 (0.963 xl0 6 Ç) 2 

4 ®-'o (2^earth) 2 4 ^o (1-276 xl 0 7 m) 2 


5.13 x 10 7 N. 


b) A positive charge at the equator of the same magnitude as abo ve will feel a 
force in the south-to-north direction, perpendicular to the earth’s surface: 


F = 2 


1 q 2 

4 ^0 (2^earth) 2 


sin 45° 


=> F 


2 _L 4 (0.963xl(fty 
4 ne 0 V2 (1.276 x 10 7 m) 2 




21 . 79 : a) With the mass of the book about 1.0 kg, most of which is protons and 
nêutrons, we fínd: #protons =|(1.0 kg)/(1.67 x 10 27 kg) = 3.0 x 10 26 . Thus the charge 
difference present ifthe electron’s charge was 99.999% of the proton’s is 
A q = (3.0x 10 26 )(0.00001)(1.6 x 10 19 C) = 480 C. 

b) F = k(Aq) 2 /r 2 = £(480 C) 2 /(5.0 m) 2 = 8.3 x 10 13 N - repulsive.The acceleration 
a = F jm = (8.3 x 10 13 N)/(l kg) = 8.3 x 10 13 m/s 2 . 

c) Thus even the slightest charge imbalance in matter would lead to explosive 
repulsion! 


21 . 80 : (a) 


q q 

•-<- b-x - 


F ne t (on central charge) = 


1 


r 


i 


q 


4tt£ 0 (b - x ) 4tt£ 0 (b + x ) 2 


r 


Ane n 


1 


1 


(b - xf (b + xf 


r 


4 bx 


q 1 (b + x) 1 - (b - x) 2 
4tt£ 0 ( b - x) 2 (b + x) 2 47 te 0 (b - x) 2 (b + x) 2 


For x « b , this expression becomes 


q 2 bx 


q 


ne 0 FF ne Q b 


-x Direction is opposite to x 


(b) YjF -ma: 
d 2 x 


dt 2 


co = 


7T£ Q b 

/ r ' 

v nme () b j 


Q d \ 

-^x = mfj 

dr 


1 


mns 0 F 


-2tc f —>/ = — 


q 


2n V mns,h 


(c) q = e,b = 4.0 x 10 m, m = 12 amu = 12(1.66 x 10 kg) 


1 


(1.6x10 19 C) 


/ = — 


2 n ]] 12(1.66 x 10^ 27 kg)7r(8.85 x 10^ 12 C 2 /Nnr)(4.0 x 10 1U m) 


12 f -\2 


-10 


= 4.28 x 10 Hz 



21.81: a) m = pV = />(jF 3 ) = (8.9 x 10 3 kg/m 3 )(y7r)(1.00x 10~ 3 m) 3 = 

3.728 x 10~ 5 kg 

n = m/M = (3.728 xl0“ 5 kg)(63.546 x 10 3 kg/mol) = 5.867 x 10 4 mol 
N = nN A = 3.5 x IO 20 atoms 

(b) N e = (29)(3.5 x IO 20 ) = 1.015 x 10 22 electrons and protons 

q net = eN e - (0.99900)eN e = (0.100 x 10 2 )(1.602 x IO' 19 C)(1.015 x 10 22 ) = 1.6 C 

F-k^r-k (16C)2 2 = 2.3x 10 ' Q N 
r~ (1.00 m) _ 


21.82: First, the mass ofthe drop: 


m = p V = (1000 kg / m 3 ) 


4^(15.0 x 10' 6 m) 3 


= 1.41x10 11 kg. 


V J J 

Next, the time of flight: t - D /v = 0.02/20 = 0.00100 s and the acceleration : 


1 


d = —at => a = —- = 


2 d 2(3.00 x 10 4 m) 


(0.001 s) 2 


= 600 m/s". 


So: 


a = F / m = qE / m => q = ma / E = 


(1.41 x 10~ n kg)(600 m/s 2 ) 
8.00x 10 4 N/C 


= 1.06 x 10^ 3 C. 



F =0 


21.83: F y =eE 

F v eE 


a = 

y 


a = 0 


w p m p 


2 j' 

a ) vj = v l y + 2a,Ay = v 2 sin 2 a + Ay |A v| = /z max when v v = 0 


v 2 w sin 2 a 

h = --- 

max 2e£ 

1 


b) Ay = v 0y t + -a/ 


t = ^oríg when Ay = o 


o = 


i 

- v 0 sin a + —a y t oúg 


t 

ong 


_ 2v n sin a 

S0 ^orig = 0, -- 

a„ 


or 


c) 


t — 

ong 


2v 0 m p sin a 
eE 


, . 2v 2 m p 

d = V n t • = - 

0x ong 


cos a sin a 



, (4xl0 5 m/s) 2 (1.67xl0 27 kg)sin 2 30° n ^ 

d) /z max = -- ; -—-= 0.42 m 

2(1.6 x 10~ 9 C)(500 N/C) 

, 2(4 x 10 5 m/s) 2 (1.67 x 10 27 kg) cos 30° sin 30° „ on 

(1.6 x 10~ 9 C)(500 N/C) 






21.84: a) £ = 50N/C = 


1 q x 


1 


. ( 




+ 

q 2 

_ 1 


+ 

dl 

4tt£ 0 rf 

4tT£ 0 

r 2 

'2 

o 

+- 

i 


r 2 
r 2 y 




\ 

r 2 

’2 

4n e 0 E - 

di 

„ 2 


V 

r i ) 


q 2 =( l- 2 m) 2 

b) E = -50N/C = 


4tt£ 0 50.0N/C- 


(4.00 x 10~ 9 C) A 
(0.6 m) 2 


dl — 


= - 8 x 10 C. 


1 

3l 

+ 

1 

di 

_ i í 

di 

+ 

\ 

di 

4tt£ 0 

r i 

4tt£ 0 

r 2 

'2 

o 

§ 

+- 

i 

. r i 

r 2 

r 2 ^ 


-50 

\ 

di 

1 * 

r 2 

0 7 


? 2 =(l'2m) 2 


47re H (-50.0) 


(4.00 x 10~ 9 C)^ 
(0.6 m) 2 


dl 


= -24.0x10 9 C. 


21.85: E = 12.0 N/C 


-fr(16.0nC) k(12.0 nC) kg 

(3.00 m) 2 + (8.00 m) 2 + (5.00m) 2 




25.0 nr 




1.60x 10~ 8 C 
9.0 nr 


1.20 x1o- 8 

64.00 m 2 , 


+7.31 x 10~ 8 C 


+73.1 nC. 


21.86: a) On thc x-axis: dE x = 


1 


dq 


4ne 0 (a + ry 


E, = 


i a 

- 
,7 tp J 


Qdx 


4ne 0 ' a(a + r - x) 


1 Q 


4ne 0 a 


r a + r 


\. And E v = 0. 


b) If a + r = x, then E = 


1 Q 


4 7T£ 0 a 


yX - a xj 


=> F = qE = 


1 q<Q 


4 ne 0 a 


i. 


yX - a xj 


c) For x» a, F = —^((1 - a/x) 1 - 1) = —^(1 + a/x A -1) « —^ « 

ax ax x 

—-—(Note that for x » a, r = x - a « x.) Charge distribution looks lilce a point 
4 tt£ 0 r 

frorn far away. 



21.87: a) dE = f dq . 

y /* 2 . ,2 


kQ dy 


(x +y ) a(x + .y ) 


with dE, = 


mi dE,= 

a(x 2 +y 2 f /2 


~ KQy dy 
a(x 2 + y 2 f' 2 
1 0x 


E =■ 


. Thus: 

r dy 


1 0x 


1 


1 


0 


47T£ 0 a J 0 (x 2 +y 2 ) 3/2 4tis 0 a (x 2 + a')' 12 x 2 47ts 0 x(x 2 + a 2 ) 


2 \ 1/2 2 


,2x1/2 


E - 1 £ f - 1 Q 

47ts 0 a * (x 2 + y 2 ) 3 ^ 2 4ns 0 a 


1 


1 


■, 2 V/ 2 


v x (x + <2 ) J 

b) F x = -qE x and F y = -qE where E x and E are given in (a). 

1 ‘' e a-a+a ! /* í )-' ,! )~ 1 C,Q “ 2 - 1 ^ 


c) Forx»a, F = 


4tt£ 0 ax 


4tt£ 0 ax 2x 4 tt£ 0 2x 


3 ' 


Looks dipole-like in y-dircction F x = 
Looks point-like along x-direction 


1 qQ 


4ne 0 x 


f a 2 ^ 

1 + - 

v * j 


- 1/2 


qQ 


4tT£ 0 X 


2 ' 


21.88: a) FromFg. (22.9), E = 


1 


Q 


4^o x-J. 


2 2 

x + a 


=>E = 


(-9.00x10 9 C) 


T = (-1.29 x1o 6 N/C)i. 


4tt£ 0 (2.5 x 10~ 3 m) A /(2.5 x 10 3 m) 2 + (0.025 m) 2 

(b) The electric field is less than that at the same distance from an infínite line of 
1 2X -1 2 Q 


charge (E a ^ = 


4tt£ 0 x 47T£ 0 x2 a 


= -1.30x10 6 N/C). This is because inthe 


approximation, the terms left off were negative. 


2 7ts 0 x(l + N-] 1/2 2 ne 0 x 


1- 


x 

2 ? 


• + ••• 


E oo - (Higher order terms). 

Line 

c) For a 1% difference, we need the next highest term in the expansion that was left 
off to be less than 0.01: 

< 0.01 => x < a^2(0.0l) =0.025m A /2(ãÕT) => x < 0.35 cm. 




1 


Q 


4^0 xVx 2 + a 2 


21.89: (a) FromEq. (22.9), E = 

we () JCV 

1 (-9.0 x 10' 9 C) 


=>E = ■ 


■ = (-7858 N/ C)i. 


4^o (0.100 m)V(0. 100 m) 2 + (0.025 m) 2 
b) The electric field is less than that at the same distance from a point charge (8100 


N/C). Since E a 


1 Q 


4ns 0 x~ 


i a 
1 -= + ••• 

2x 2 


= E int -(Fligher order terms). 


V j 

c) For a 1% difference, we need the next highest term in the expansion that was left 
off to be less than 0.01: 

0.01 => x * a-yjí/i 2(0.01)) = 0.025^1/0.02 => x * 0.177 m. 


2x 2 


21.90: (a) On the axis, 



1- 

f R 2 

— r + 1 

-1/2 

_ 4.00 p C/7 t( 0.025 m) 2 

1- 

f (0.025 m) 2 | "1 

-1/2' 

2e 0 


X" 

V a 9 


2e 0 


v (0.0020 m) 2+ J 



E = 106 N / C, in the + x-direction. 


b) The electric field is less than that of an infmite sheet E = =115 N / C. 

2e 0 

c) Finite disk electric field can be expanded using the binomial theorem since the 

.3 


expansion terms are small: => E *- 

2e n 


. x x 

1-+ - 


R 2 R 3 


So the difference between the 


infinite sheet and finite disk goes like —. Thus: 

R 

A E(x = 0.20 cm)« 0.2/2.5 = 0.08 = 8% and AE(x = 0.40 cm) 
*0.4/2.5 = 0.16 = 16%. 



21.91: (a) As in 22.72: E 


o 

2e, 



r r1 li 

-1/2' 

1- 

—+ 1 



l* J 



4.00 pC/ tt( 0.025 m) 2 

1- 

r (0.025 m) 2 | 

- 1 / 2 ' 

2s 0 


v (0.200 m) 2 + J 



= 0.89 N /C in the + x-direction. 


b) x» R, E = —[1 - (1 - R 2 / 2x 2 + 3R 4 /8x 4 -■••)] 


a R 2 _ onR 2 _ Q 
2e 0 2x 2 4ns 0 x 2 4ne 0 x 2 


c) The electric field of (a) is less than that of the point charge (0.90 N/C) since the 


correction term that was omitted was negative. 


d) From above x 


0.2 m 


(0.9-0.89) 

0.89 


0.01 = 1%. For x = 0.1 m 


£ disk = 3.43 N/C 

£pom t =3.6N/C 


(3.6-3.43) 

3.6 


0.047 * 5%. 


21.92: a) /(*) = f(-x ): f f(x)dx = f f(x)dx + í f(x)dx = í f(-x)d(-x) + 

J-a J-a J 0 J0 

pa # p« ça pa 

f{x)dx. Now replace -x with y : => f(x)dx= \ f(y)d(y)+ \ f(x)dx = 

J 0 J-a J 0 Jo 

2 \‘‘f(x)dx. 

Í a p0 p <2 p-a 

_ a g(x)dx = J ^ g(x)dx + J o g(x)dx = -J o - g(-x)(-d(-x)) + 

ra ' pa ra pa 

g(x)dx. Now replace -x with y : => g(x)dx = -\ g(y)<7(y) + g(x)dx = 0. 

JO J-a Jo Jo 


c) The integrand in E for Example 21.11 is odd, so E v = 0. 



21.93: a) The y-components of the electric field cancel, and the x-components from both 
charges, as given in problem 21.87 is: 


E 1 - 2 Q 1 1 U 1 ~ 2 ^ 1 1 

4ne 0 a [y ( y 2 + a 2 ) 1,2 J 4ns 0 a [y (y 2 +a 2 ) 1/2 J 


IfV » a,F -^(l-(l-a 2 /2/ + •••))/ 

4ne 0 ay 4ne Q y 

b) If the point charge is now on the x-axis the two charged parts of the rods provide 
different forces, though still along the x-axis (see problem 21.86). 

F = q É_ - -)j and F^ = qÉ_ = - — ^if--—1/ 


1 Qqa 


4ne n a \x —a x 


4 tt £ 0 a \x x + a 


í.i +í .lírf±.! t ±k 


4 tt £ 0 a \x-a x x + a 


1 Qq ( a a 


For x » a, F ~- 1H - 1 — — + ... —2+ 1 - 1 —-—... / — 


4 tt £ 0 ax 1 ^ x x 2 J ^ x x 2 Jj 4ne 0 x 3 


1 2 Qqa 


21.94: The electric field in the x-direction cancels the left and right halves ofthe 
semicircle. The remaining y-component points in the negative y-direction. The charge per 
unit length of the semicircle is: 

, Q kXdl Kkdd „ kkúnO dd 

K- — and dE = —— =-but dE = dE sin 0 =-. 

na a" a a 


_ „ 2kX z / ca . r r\-\Tz 12 . , 

So, E = sin 6 dO = [-cosBy - = —=-, downward. 

n »0 n n irri 


2 kl 2kQ 


a na 


21.95: By symmetry, E x = E v . For E , compared to problem 21.94, the integral over the 

angle is halved but the charge density doubles—giving the same result. Thus, 

E =E 2a 2kQ 
a na 2 



21.96: 


mg 


YF x = 0 => T cos a = mg => T 7 = 


V F = 0 => T sin a = => T = 

y 


cos a 
qa 


qa 


mg _ 

cos a 2e n sin a 


2 e n 


tan a = 


2e 0 sin a 


qa 


2 e 0 mg 


a = arctan 


í \ 

qo 


2 s 0 mg 



21.97: a) 

b) 1429 


qE = 10 mg => 


kg 1 mol 
"cT'12x10 3 kg 


m E 
q 10g 


1.4xlQ 5 N/C 
10(9.8 m/s 2 ) 


1429 kg /C. 


6,02x10 23 carbons 1.6xl0~ 19 C 
mol excess e~ 


1.15 x IO 10 


carbons 
excess e 


21.98: a) E x - E , and E x =2 E x 


length of wire a, charge Q 


= 2 - 


Ans, 


o x 


* 2 +(f ) 2 


, where 


X -±^E —Fe. e —FQ 

2 ttSqCi ne 0 a 

b) If all edges of the square had equal charge, the electric fields would cancel by 
symmetry at the center of the square. 




21.99: a) 

E (P) = ~ 




2s q 2,£q 2c { 


0.0200 C/m 2 0,0100 C/m 2 | 0,0200 C/m 2 
2 £ n 2s n 2£ n 


2e n 


0.0100C/m 2 

> £(P) =---= 5.65 x 10 s N/C, m the -x-direction. 

2e 0 

1X kl | cr 2 | | cr 3 1 0.0200 C/m 2 0.0100 C/m 2 0.0200 C/m 2 

b) E(R) = + —-i - + J_^_L = + - L - L +- í 

2 s 2 s 2 £ 2e 2 e 2e 


> E(R) = Ç _[ 111 = 1.69x 10 9 N/C, in the + .x-direction. 

2e n 

0.0200 C/m 2 0.0100 C/m 2 0.0200 C/m 2 

---+---+--- 

O „ O „ O „ 


c) i:(5) = +-L—^ + '—2A + J—1 

2, 0 2 £q 2e, 


L = +- 


2e n 


2e„ 


2e n 


• C/m _ 2 ^2x 10 9 N/C, in the + .x-direction. 

2e 0 

1(7! | kl kl 0.0200 C / m 2 0.0100 C/ m 2 0.0200C/m 2 
d) E{T) = + ] —-L + J—^i-L_U = + - L -+- L - L - 

2s 0 2 ,£q 2,£q 2s 0 2s 0 2s 0 


E(S) = ^^ ^ 111 = 5.65 x 10 8 N/C, in the + x-direction. 

2e n 


21 . 100 : 


on I 


qE. 


at I 


= O x 


\ <7 2 + 


2s n 


2.00x 10~ 4 C/m" 
2 £ n 


= +1.13xl0 7 N/m. 


II _ ÇE^ u 


A 


A 

qE, it 


= O- 


+ cr, + cr 3 


2e„ 


4.00 x 10 C/m- 
2s n 


= +2.26x10 7 N/m 


4 


4 


= o , 


+ <7i + <7 2 


2e n 


- 6.00xl0~ 4 C/m- 
2e n 


= -3.39xl0 7 N/m 


(Note that “+” means toward the right, and is toward the left.) 



21 . 101 : 


By inspection the fields in the different regions are as shown below: 





21 . 103 : 


a) The four possible force diagrams are: 



Only the last picture can result in an electric field in the -x-direction. 
b) q l = -2.00 /J.C,q 3 = +4.00, fiC, and q 2 > 0. 


c) E= 0 = 


1 


4, 


-sin 0, - 


1 


q2 


c h , , Q\ 


sin0, 


16 sinéf 


4;t£ 0 (0.0400 m) 

9 3/5 27 _ 

= — q, = — q, = 0.843 uC. 
16 71 4/5 64 1 


47re 0 (0.0300 m) 2 


-sin <9, 


d) F i =g i E x = q 3 


1 


4 ne. 


<h 


- + ■ 


q 2 


’o V 


0.0016 5 0.0009 5 


= 56.2 N 


21.104: (a) The four possible diagrams are: 



The frrst diagram is the only one in which the electric field must point in the negative y- 
direction. 


b) q l = -3.00 /uC, and q 2 < 0. 


c) E x = 0 = 


kq x 


kq 2 


12 


kq 2 


kq 


(0.050 m) 2 13 (0.120 m) 2 13 (0.120 m) 2 (0.050 m) 2 12 


E = E = 


kq x 


12 




kq 2 


kq x 


(0.050 m) 2 13 (0.120 m) 2 13 (0.05 m) 2 


12 

13 


- + 


V12 y 




vl3 jj 


=>E = E v =1.17xlO 7 N/C. 



21.105: 

£, cfl 

1 

^F = 

^>F = 

( 


a) For a rod in general of length L, E = ^ 

L 


\r L + r 


and here r = x + - 


: rod 


£0 

r i 

1 / 

_2kQ | 

r i 

1 ^ 

z 

/x + a/2 

L + x + a/2 y 

z 1 

V 2x + a 

2Z + 2x + a y 


b) dF = dqE=>F = jEdq = ^ 
1 


L+a/lEQ 2 kQ 2 çL+a /2 


1 


2x + a 2Z + 2x + a 


a /2 

còc 


dx = 


Ja / 2 


2kQ 2 1 


kQ 


L 2 

2 


([ln (a + 2x)]/;* /2 - [ln(2Z + 2x + a)]// 2 a/2 ) 


# + 2Z + í7 

( 2Z + 2aV 

) - ^ ln 

f (a + Z) 2 / 

vV 2a J 

V 4Z + 2a y 

J- e 

^a(a + 2Z) y 


Z 


kO 2 

c) For a» L:F = —^-ln 


^a 2 (l + Z/a) 
a 2 (l + 2 L / a) 


E 


2 \ 


Hf 

L 2 


kQ 1 


L 2 


2 

V v 


L L 2 


a 2 a 


■ + ■■■ 


A ^2Z 2Z 2 




■ H- 


(2 ln (1 + 2Z/a) - ln(l + 2Z/a)) 


A-0 2 





